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SUMMARY
Wnt11 is a key signalling molecule that regulates cell polarity/migration during
vertebrate development and also promotes the invasive behaviour of adult cancer cells.
It is therefore essential to understand the mechanisms by which Wnt11 signalling
regulates cell behaviour. The process of vertebrate gastrulation provides an excellent
developmental system to study Wnt11 function in vivo. It is known that Wnt11
mediates coordinated cell migration during gastrulation via the non-canonical Wnt
pathway that shares several components with a the planar cell polarity pathway (PCP)
in Drosophila. However, the mechanisms by which these PCP components facilitate
Wnt11 function in vertebrates is still unclear. While in Drosophila, the asymmetric
localization of PCP components is crucial for the establishment of cell polarity, no
asymmetric localization of Wnt11 pathway components have so far been observed in
vertebrates.
To shed light on the cellular and molecular mechanisms underlying Wnt11
signalling, I developed an assay to visualize Wnt11 activity in vivo using live imaging
of Wnt11 pathway components tagged to fluorescent proteins. This allowed me to
determine the sub-cellular distribution of these components and to correlate the effect
of Wnt11 activity with the behaviour of living embryonic cells. I found that Wnt11
locally accumulates together with its receptor Frizzled7 (Fz7) at sites of cell-cell
contacts and locally recruits the intra-cellular signalling mediator Dishevelled (Dsh) to
those sites. Monitoring these apparent Wnt11 signalling centres through time-lapse
confocal microscopy revealed, that Wnt11 activity locally increases the persistency of
cell-cell contacts. In addition, I found that the atypical cadherin Flamingo (Fmi) is
required for this process. Fmi accumulates together with Wnt11/Fz7 at sites of cell-cell
contact and locally increased cell adhesion, via a mechanism that appears to be
independent of known downstream effectors of Wnt11 signalling such as RhoA and
Rok2.
This study indicates that Wnt11 locally interacts with Fmi and Fz7 to control cell-
contact persistency and to facilitate coherent and coordinated cell migration. This
provides a novel mechanism of non-canonical Wnt  signalling in mediating cell
behaviour, which is likely relevant to other developmental systems.
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1 Introduction
1.1 Wnt signalling
Wnt signalling is essential for embryonic development because it is involved in
almost every developmental process. During early development, Wnts induce organizer
structures (Speemann organizer) such as the embryonic axis, limb and head structures,
while at later stages, they regulate the development of organs, for instance the brain,
heart, kidney and lung. Wnts contribute to embryogenesis by facilitating a wide range
of cellular processes, including gene expression, cell proliferation and differentiation,
cell polarity, epithelia-mesenchymal interactions, cell adhesion and oriented cell
division (reviewed in (Logan and Nusse, 2004; Schambony et al., 2004). In addition, to
its function throughout development, Wnt signals also play a role in mediating
homeostasis in adult organisms. Miss-regulation of Wnt signalling in adults has been
linked to various diseases including various types of cancer, but also leukemia, kidney
damage and osteoarthritis. It is therefore essential to investigate the molecular and
cellular mechanisms underlying Wnt signalling in order to understand its role during
development as well as its impact in mediating diseases.
Wnt proteins
Wnt proteins form a family of signalling molecules, which are highly conserved
from invertebrates to vertebrates. Currently, 19 vertebrate Wnt genes are known in
human and mouse, 16 in Xenopus, 11 in chick and 12 in zebrafish, whereas seven
invertebrates Wnts have been identified in Drosophila and five in C.elegans (Nusse,
The Wnt gene homepage [www.stanford.edu/~rnusse/wntwindow.html]). However,
only little is known about the structure of Wnts, dispite the fact that their amino acid
sequence displays a conserved pattern of 23-24 cysteins suggesting that Wnts form
multiple intra-molecular disulfide bonds (Fig.1.1A) (Miller, 2002). In addition, Wnts
contain a N-terminal signal sequence, which targets them to the secretion machinery
(Miller, 2002). Consistent with this, it has been shown that Wnts can act in a cell non-
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autonomous manner in vertebrates and invertebrates (Kiecker and Niehrs, 2001;
Strigini and Cohen, 2000). In addition, Wnts are post-translational modified - they are
palmitoylated  as well as glycosylated (Miller, 2002; Willert et al., 2003). While the
palmitoylation of Wnts is responsible for the high affinity Wnts to cell membranes and
has been shown to be required for the signalling activity of Wnts (Willert et al., 2003),
the role of  glycosylation in Wnt signalling remains unclear. Analysis of the signalling
activities of chimeric Wnt proteins suggest that the C-terminal region specifies the
distinct cellular response to different Wnts (Du et al., 1995a). Moreover, C-terminal
truncated Wnt proteins can function as dominant negative constructs (Hoppler et al.,
1996) indicating that the N-terminal region of Wnts may interact with Wnt receptors
but Wnts require the C-terminus to activate these receptors (Miller, 2002). An
overview of the structure of Wnt molecules and their binding sites recognized by
Frizzled receptors as well as inhibitory factors are illustrated in Fig.1.1A.
Frizzled trans-membrane proteins - the Wnt receptors
There is genetic and biochemical evidence indicating that Frizzleds act as receptors
for Wnt signals (reviewed in (Huang and Klein, 2004). In particular, Drosophila Wnt1
(termed Wingless; Wg) and Xenopus XWnt8 have been tested for their interaction with
different Frizzled molecules (Bhanot et al., 1996; Hsieh et al., 1999). There are at least
ten different Frizzleds (Fz) in vertebrates, four in Drosophila and three in C.elegans
forming the Frizzled receptor protein family (Nusse, The Wnt gene homepage), which
belongs to the super-family of G-protein coupled receptors (GPCR). This protein
family is defined by conserved structural features, including seven hydrophobic trans-
membrane domains and a Cystein rich domain (CRD) at their N-terminus (Fig1.1B).
Several studies indicate that this CRD is required for the binding of Fz to Wnt proteins.
(Bhanot et al., 1996; Hsieh et al., 1999; Rulifson et al., 2000; Wu and Nusse, 2002).
For example, the expression of CRD alone or secreted Frizzled-related proteins (FRP),
which only contain the extra-cellular part Fz proteins including CRD, antagonize Wnt
signalling (Deardorff et al., 1998) reviewed in (Huang and Klein, 2004). The structural
features of Frizzled receptors and their interaction partners is shown in Fig.1.1B.
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Figure 1.1   Structure and interaction partners of Wnts and Frizzleds
(A) Schematic overview of the structure of Wnt protein and their sites of interaction with other proteins.
Wnts consist of a signal sequence (S) and show a conserved pattern of cysteins (C) indicated by a line.
They interact with several proteins such as its receptor Frizzled, as well as secreted antagonists such as
Frizzled related proteins (FRP), Wnt inhibitory factor (WIF) and Cerberus (Cer). (B) Schematic
overview of the structure of Frizzled receptor family and their sites of interaction with other proteins.
Frizzleds are seven-pass trans-membrane proteins showing seven hydrophobic domains (blue), an extra-
cellular cystein rich domain (CRD), which interacts with Wnt proteins, and the intracellular C-terminal
PDZ-binding motif (SXV - one letter amino acid code), which can bind PDZ-domain containing proteins
such as Kermit, Magi3, GOPC and PSD95 implicated in various processes (Hering and Sheng, 2002;
Matsumoto et al., 1995; Tan et al., 2001). The figure was modified after (Nusse, The Wnt gene
homepage [http://www.stanford.edu/~rnusse/wntwindow.html]).
Signalling specificity of Wnts and Frizzleds
Frizzleds can activate three distinct pathways in response to specific Wnt signals.
These pathways are termed the canonical Wnt/β-Catenin pathway, the non-canonical
Wnt/planar polarity (PCP) pathway and the Wnt/Calcium pathway. However,
considering the sequence homology among Wnts and Frizzleds, it is still unclear how
the combination of Frizzled-Wnt interaction specifies the activation of one distinct Wnt
pathway. It has been postulated that specific ligand affinity of Frizzled receptors as
well as differential expression patterns of Wnts and Frizzleds determine the specificity
of cellular response (Huang and Klein, 2004). In addition, the intra-cellular part of
Frizzleds is quite variable allowing Frizzled proteins to interact with different proteins,
which may direct pathway specificity. Detailed information of intracellular proteins
interacting with Frizzled receptors is shown in Fig.1.1B. Moreover, the presence of co-
receptors has also been implicated to control which Wnt pathway is activated. For
example, it has been shown that a low-density lipoprotein (LDL) related protein -
LRP5/6 forms a ternary signalling complex with Fz and Wnt proteins and thereby
facilitates the activation of canonical Wnt pathway (Cong et al., 2001). Furthermore,
the activation of canonical Wnt signalling has been suggested to require the
dimerization of Frizzled receptors (Carron et al., 2003). The, ability of Frizzleds to
form dimers might be another determinant of pathway specificity because not all
Frizzleds appear to form dimers. The activation of a distinct Wnt pathway might be set
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up by (i) the presence of specific co-receptors as well as structural features of
individual Frizzled molecules allowing (ii) differential ligand specificity, (iii)
preferential dimerization and (iv) interaction with a distinct subset of intra-cellular
proteins. However, the exact mechanism of Wnt pathway specification remains
unclear.
Dishevelled as intracellular mediator
Upon Wnt stimulation Frizzled receptors interact with the intracellular signal
mediator Dishevelled (Dsh), which is an essential component for all Wnt pathways
(reviewed in (Huang and Klein, 2004)). Dsh is a scaffold protein containing several
protein interaction domains such as DIX, PDZ and DEP domain, which provide
docking sites for diverse intra-cellular proteins regulating various down-stream
signalling events (reviewed in (Malbon and Wang, 2006)). An overview of the
structural features of Dsh protein and its interaction partners is shown in Figure1.2.
Several studies using deletion mutants of Dsh have demonstrated that the PDZ domain
is required for the binding to Fz receptors. This is essential for all Wnt pathways.
However, the DIX domain is specifically required for canonical Wnt signalling,
whereas the DEP domain promotes non-canonical Wnt/PCP activity (Malbon and
Wang, 2006). For details see Figure 1.2. Based on this data, various deletion constructs
of Dsh have been established as tools for determining which distinct Wnt pathway is
required for a particular developmental process. For example Dsh-ΔN - lacking the
DIX domain - specifically activates non-canonical Wnt signalling, whereas Dsh-DEP -
containing only the DEP domain - can block the non-canonical Wnt pathway
(Heisenberg et al., 2000; Smith et al., 2000). Using these tools one can block or
activate specific particular Wnt pathways and observe whether this pathway is required
for a specific developmental process.
Figure 1.2   Structure and interaction partners of the intracellular scaffold protein Dsh
Schematic overview
of the structure of the
intracellular scaffold
protein Dsh and its
interaction partners.
Dsh contains three
protein-protein
interaction domains
such as DIX, PDZ
and DEP domain.
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The DIX domain mediates the interaction with Axin and is therefore essential for canonical Wnt
signalling, whereas the DEP domain can bind to non-canonical Wnt pathway components such as Daam
(Dsh associated activator of morphogenesis) and Pk (Prickle). The figure was adapted from (Nusse, The
Wnt gene homepage [http://www.stanford.edu/~rnusse/wntwindow.html]).
In summary, the specificity of Wnt-Frizzled interaction in activating a particular
Wnt pathway is regulated by several processes. First of all, Frizzled receptors show
high ligand affinities for individual Wnt proteins and preferentially activate a certain
Wnt pathway. This specificity is determined by the interaction co-receptors and the
cytoplasmic C-terminal part which is not yet understood in detail. Second, the
intracellular scaffold protein Dsh can interact with different downstream effectors
which determines the activation of a certain Wnt pathway. In this context, the
phosphorylation status of Dsh may play an important role in regulating the ability of
Dsh to interact with pathway specific effector proteins (Malbon and Wang, 2006).
Canonical Wnt/β-Catenin pathway in regulating gene expression
The canonical Wnt/β-Catenin pathway has been intensively studied over the last 20
years and a model of this pathway, proposed by (Moon et al., 2004), is shown in Figure
1.3. The mechanism of this pathway is tightly connected to the concentration of the
multi-functional protein β-Catenin (also termed Armadillo; Arm) inside the cell. In the
absence of Wnt signal, a multi-protein destruction complex including APC
(adenomatous polyposis coli protein), Axin and GSK2 (glycogen synthase kinase)
maintains low cytoplasmic β-Catenin levels by targeting β-Catenin for degradation.
Upon activation of Wnt signalling, Dsh is phosphorylated and inhibits this destruction
complex, which leads to the accumulation of intracellular β-Catenin. Cytoplasmic β-
Catenin molecules then enter the nucleus and activate TCF (T-cell-factor) as well as
LEF (lymphoid enhancer binding protein family) transcription factors, which promote
the expression of target genes. So far, seventy-five genes have been identified to be
activated through the canonical Wnt/β-Catenin pathway (Widelitz, 2005). In this way,
canonical Wnt signalling regulates a variety of processes such as cell cycle
progression, cell survival and cell fate determination. For example, in Xenopus
embryos over-expression of canonical Wnts (Wnt-1, -2a, -3a, -7b, -8a, 8b) leads to the
formation of a second embryonic axis, indicating that canonical Wnts play a role in
tissue specification (Christian and Moon, 1993; Cui et al., 1995; Landesman and Sokol,
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1997; McMahon and Moon, 1989; Nusse, The Wnt gene homepage; Wolda et al.,
1993). In adult cells, abnormal activation of canonical Wnt/β-Catenin signalling can
lead to cancer formation. Consistently, the formation of cancer is often associated with
mutations in downstream regulators of canonical Wnt pathway including APC, Axin or
β-Catenin. These mutations cause an increase of intracellular β-Catenin followed by
the activation of target gene expression, which might lead to abnormal proliferation of
these cells (Fearon and Vogelstein, 1990; Morin et al., 1997; Rubinfeld et al., 1997).
Figure 1.3   Canonical Wnt/β-Catenin signalling in regulating gene expression
Schematic overview of canonical
Wnt/β-Catenin pathway (A) In
the absence of Wnt ligand, a
mul t i -pro te in  des t ruc t ion
complex including APC, Axin
and GSK3 targets intracellular β-
atenin (β-cat) for degradation.
Therefore, intracellular β -
Catenin levels are low and
prospective target genes are in a
repressed state. ( B )  When
canonical Wnt signalling is
activated, Dsh suppresses the
mul t i -pro te in  des t ruc t ion
complex leading to an
accumulation of β -Catenin
within the cytoplasm. β-Catenin
molecules then enter the nucleus and activate gene transcription by interacting with T-cell-factor (TCF)
as well as lymphoid enhancer binding protein family (LEF) transcription factors. This figure is adapted
from the review of (Moon et al., 2004).
Non-canonical, β-Catenin independent Wnt pathways
In contrast to the canonical Wnt pathway which regulates gene expression, the non-
canonical Wnt pathway controls cell polarity and cell movement. Therefore, non-
canonical Wnt proteins, including Wnt-4, 5a, -11, are not able to induce a secondary
axis when over-expressed in Xenopus, but instead antagonize canonical Wnt function
in this process (Du et al., 1995b; Gieseler et al., 1999; Torres et al., 1996; Wong et al.,
1994).
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Non-canonical Wnt/PCP pathway
Non-canonical Wnts can activate the Wnt/PCP pathway, which in Drosophila
regulates planar cell polarity (PCP) leading to the formation of polarized tissues. In
both canonical and non-canonical Wnt pathways, Fz receptors and the intracellular
scaffold protein Dsh are critical for signal transduction. However, in the non-canonical
Wnt pathway Dsh is trans-located to the plasma membrane where it interacts with a
different set of effector proteins (Axelrod et al., 1998). Dsh activates small GTPases
such as RhoA, CDC42 and Rac, which in turn activate Rho-associated kinase (ROCK)
and c-Jun N-terminal kinase (JNK) modulating tissue separation, cell adhesion, process
formation and cytoskeletal rearrangements (Choi and Han, 2002; Habas et al., 2003;
Penzo-Mendez et al., 2003; Winklbauer et al., 2001; Yamanaka et al., 2002) as
illustrated in Fig1.4.
Non-canonical Wnt/Calcium pathway
Several non-canonical Wnts (Wnt5a, Wnt11) and also Fz2 cause an increased
release of intracellular calcium when over-expressed in vertebrates (Slusarski et al.,
1997a; Slusarski et al., 1997b; Westfall et al., 2003) suggesting the existence of an
alternative Wnt/calcium pathway. Further studies showed that the increase in
intracellular calcium triggered by Wnts leads to the activation of calcium dependent
proteins such as phospho-lipase C (PLC), protein kinase C (PKC) and
calcium/calmodulin-dependent kinase II (CamKII)(Kuhl et al., 2000a; Kuhl et al.,
2000b; Sheldahl et al., 1999). However, several observations question whether the
Wnt/calcium pathway is indeed an independent pathway. First of all, it has recently
been shown that Dsh can trigger the release of intracellular calcium (Sheldahl et al.,
2003). Second, the recruitment of Dsh to the plasma membrane, an important step in
activating non-canonical Wnt/PCP signalling, seems to require the activity of PKC, a
component of Wnt/calcium pathway (Kinoshita et al., 2003). Third, PKC and Dsh are
both needed for Wnt11 activity to mediate  carcinogenesis in Xenopus indicating
(Pandur et al., 2002). Finally, Wnt5a, which has been suggested to mediate
Wnt/Calcium signalling, and Wnt11, acting through Wnt/PCP pathway, have redundant
functions in regulating cell movement during zebrafish gastrulation (Heisenberg et al.,
2000; Kilian et al., 2003; Ulrich et al., 2003). These evidence clearly suggest that the
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Wnt11/PCP and the Wnt/Calcium pathway are interconnected. A detailed description
of the Wnt/Calcium and the Wnt/PCP pathway  is illustrated in Figure1.4.
Figure 1.4   Non-canonical Wnt/PCP and Wnt/Calcium pathways
Schematic overview of non-canonical Wnt/PCP (green)
and Wnt/calcium (blue) pathways. Non-canonical Wnt
signal also involves Wnt, Frizzled and Dsh proteins but
activates a different set of downstream effectors as
compared to canonical Wnt pathway. Upon activation of
non-canonical Wnt/PCP signalling (green), the
intracellular scaffold protein Dsh is recruited to the
plasma membrane. Dsh then directly activates small
GTPases Rac, CDC42 (cyclin division cycle) or interacts
with Daam1 (Dsh-associated activator of morphogenesis)
which in turn activates RhoA and its downstream effector
Rok (Rho-kinase). RhoA, Rac and Rok are well known
modulators of cytoskeleton mediating morphological
responses such as cell shape changes, process formation
and cell adhesion. Despite that, Dsh can also lead to an
intracellular calcium release followed by activation of
CamKII (calcium/calmodulin dependent kinase) and PKC
(protein kinase C) often referred as the Wnt/calcium
pathway (blue). It is not yet clear whether Wnt/PCP and
Wnt/calcium signalling are separate pathways or display
variants of one non-canonical Wnt pathway. Note that the Non-canonical Wnt signal also involves Wnts,
Frizzled and Dsh but activates a different set of downstream effectors as compared to canonical Wnt
pathway. Detailed description of components can be found in the main text. This figure is modified after
the review of (Moon et al., 2004)
1.2 Non-canonical Wnt/PCP signalling in regulating cell
polarity
Wnt/PCP pathway - a common programme for establishing cell polarity
in various tissues
Current research indicates that the Wnt/PCP pathway is a conserved programme,
which establishes planar cell polarity in various tissues across species. In this context, a
core PCP gene cassette initiates and maintains the polarity of a tissue, while different
sets of effector proteins modulate a high variety of tissue specific cellular responses
such as cyto-skeletal organisation, orientation of mitotic spindle, nuclear signalling,
directed cell movement and many other processes (reviewed in (Klein and Mlodzik,
2005)).
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Some examples for PCP mediated tissue polarity using various effectors are listed
below. The effect of PCP signalling in modulating the cytoskeleton can be seen in the
wing and other body parts of Drosophila in which each adult epithelia cell forms a
single hair pointing in the same direction (Adler, 2002)(Fig1.5A). In contrast, the
polarization of ommatidia within the Drosophila eye depends on PCP induced nuclear
signalling (Mlodzik, 1999) (Fig1.5C). In mammals, PCP signalling mediates
polarization of sensory hair cells within the inner ear epithelium (Montcouquiol and
Kelley, 2003; Montcouquiol et al., 2006)(Fig.1.5G) as well as the orientation of mouse
skin hairs (Guo et al., 2004)(Fig1.5E). All these tissues show polarity defects when
PCP signalling is impaired (Fig1.5B,D,F,H). Examples where PCP activity controls the
orientation of mitotic spindle can be found in Drosophila, C.elegans and in zebrafish
(Bellaiche et al., 2004; Goldstein et al., 2006; Gong et al., 2004).
Figure 1.5  Tissue polarity and PCP phenotypes in Drosophila and vertebrates
(A, C, E, G) Examples of planar tissue polarity mediated by PCP signalling in various tissues of wild-
type embryos. Note the regular arrangements in all these tissues (B, D, F, H) PCP-mutant phenotype of
the same tissues. Note that the regular pattern is disrupted. (A,B) wing hair pattern in Drosophila; (C,D)
Drosophila eye neuro-epithelium; (E,F) skin hair pattern of adult mouse; (G,H) mouse inner ear neuro-
epithelium. This figure was modified from a recent review by (Klein and Mlodzik, 2005)
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Molecular mechanism of establishing planar cell polarity in Drosophila
wing epithelium
A model proposed by Tree et al. describes PCP signalling as a three-step
mechanism leading to planar polarity in Drosophila: (1) directional extra-cellular
signalling which provides the initial polarity cue, (2) asymmetric sub-cellular
localization of ‘core’ polarity proteins which establishes cell polarity (3) downstream
translation of molecular polarity into polarized cellular response (Tree et al., 2002a).
Initiation of polarity through upstream signals
What is the directional signal which mediates the polarization of cells within a
tissue? One theory arose from the fact that PCP signalling requires the activity of Fz
receptors. It has therefore been hypothesized, that a gradient distribution of a Wnt
ligand might provide polarized activation of Drosophila PCP signalling, which in turn
promotes tissue polarity. However, no Wnt ligand has yet been identified which could
mediate such activities.
Another theory is based on recent studies in Drosophila, showing that long-range
tissue polarization depends on the interaction of three proteins which function upstream
of Fz. There is a complex interplay between these three molecules: the type II trans-
membrane protein Four-joint (Fj), as well as the atypical Cadherins Dachsous (Ds) and
Fat (Ft) (Rawls et al., 2002; Zeidler and Ironside, 2000; Zeidler et al., 1999a; Zeidler et
al., 1999b). These molecules are expressed in opposing gradients, which is thought to
coordinate the directionality of PCP signalling across the tissue (Strutt and Strutt,
2005). It has been suggested that these upstream signals induce an initial bias for
asymmetric Fz activity, although the precise mechanism is still not fully understood
(Yang et al., 2002).
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Asymmetric localization of core PCP genes in establishing polarity
 The extra-cellular directional cue is transmitted by ‘core’ PCP proteins, which
have been identified by their loss of function phenotype, causing polarity defects
within multiple tissues of Drosophila (Fig1.5A-E). In Drosophila wing epithelia cells,
asymmetric localization of PCP components induce and maintain proximal to distal
polarity (Fig.1.6). The distal activity of Frizzled and Dsh locally recruits actin to those
sites and initiate the outgrowth of an actin-rich pre-hair at the distal tip of each cell.
This pre-hair is stabilized throughout development and forms the wing hair of the adult
wing epithelia cell which points to the distal side (Fig.1.5A). A wing epithelia cell,
which is mutant for any of the PCP genes, miss-localizes the site of hair formation
towards the centre of the cell (Uemura and Shimada, 2003). Therefore, core PCP
proteins restrict the site of hair formation to the distal tip of the cell, which is regulated
by a complex interplay between these core PCP proteins (Fig1.6C).
Figure 1.6   Asymmetric localization of PCP components in Drosophila wing epithelia cells
(A,B) Polarized sub-cellular distribution of PCP genes in Drosophila wing epithelia cell (A) Pupal wing
epithelia cells show an asymmetric distribution of PCP components to either proximal or distal cell
membranes. Frizzled (Fz) and Dishevelled (Dsh) localize to the distal side, while Strabismus (Stbm) and
Prickle (Pk) accumulate at the proximal side. Flamingo (Fmi) and Diego (Dgo) are enriched at both
proximal and distal sides. (B) Illustration of the distribution of PCP components within the wing
epithelia tissue. All components are depleted from anterior and posterior membranes, which results in a
‘zig-zag’ pattern of these components. (C) A model, showing the complex interplay of PCP proteins,
which amplifies the initial bias of asymmetric localization. Fmi molecules locates at the distal and
proximal membranes where distal Fmi interacts with proximal located Fmi of the neighbouring cell. At
the distal side Fmi induces local accumulation of Fz which in turn recruits Dsh the distal plasma
membrane. The concentration of Pk at the distal side is low, while Pk is accumulated at the proximal
side of the cell. Proximal located Pk inhibits Fz mediated recruitment of Dsh to the proximal side and
thereby functions as a negative amplifier for asymmetric localization of Fz and Dsh to the distal cell
membrane. As a result Fz and Dsh are locally accumulated at the distal cell membrane and locally
activate downstream signalling, which drives the formation of an actin rich wing hair at the distal tip of
the cell. (A,B) were adopted from the review by (Fanto and McNeill, 2004); (C) adopted from the review
by (Mlodzik, 2002).
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Whereas initially, PCP components are thought to be evenly distributed along the
junctional vertex, several hours before pre-hairs form, these regulatory core PCP
proteins become differentially localized to either the distal, the proximal or to both
distal and proximal cell boundaries (Fig1.6A,B). The atypical Cadherin Flamingo
(Fmi) is concentrated at apical junctions of both distal and proximal boundaries where
distal located Fmi molecules interact with proximal located Fmi of the neighbouring
cell (Chae et al., 1999). This bilateral localization of Fmi allows homophilic interaction
of Fmi molecules across boundaries, which may stabilize the asymmetric distribution
of PCP components (Usui et al., 1999). In contrast to the bilateral distribution of Fmi,
Frizzled receptor (Fz) is only enriched at distal cell boundaries where it locally recruits
the intracellular scaffold protein Dishevelled (Dsh) (Krasnow and Adler, 1994;
Krasnow et al., 1995). Mutant analysis showed that Dsh membrane recruitment
depends on Fz function and that Fmi mediates the junctional localization of Fz.
Furthermore, asymmetric Fmi localization depends on functional Fz signalling because
Fmi remains symmetric in cells mutant for either Fz or Dsh. This interdependent
asymmetric localization of Fmi, Fz and Dsh suggests that these components form a
complex at the distal side.
Moreover, Prickle (Pk), a cytoplasmic protein, is also required for asymmetric
localization of Fmi although its proximal location is independent of Fmi function
(Gubb et al., 1999). Pk interacts with Dsh and another PCP protein, the four-pass trans-
membrane protein Strabismus (Stbm), which also localizes to proximal cell boundaries
(Taylor et al., 1998; Wolff and Rubin, 1998). There is evidence that Pk acts as a
negative regulator of Fz activity by preventing Dsh recruitment to the membrane at the
proximal side (Tree et al., 2002b). This mechanism seems to be part of a negative feed
back loop, which amplifies the initial bias of Fz signalling at the distal side by
inhibiting Fz activity at proximal boundaries, a model suggested by Tree et al. 2002 is
illustrated in Fig. 1.6C.
Taken together, in Drosophila, polarity is initiated by an extra-cellular polarity cue
and maintained by ‘core’ PCP proteins, which are asymmetrically distributed within
each cell. This leads to local activation of Fz signalling which is translated by tissue
specific downstream signalling components transforming the molecular polarity into a
polarized cellular response.
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Downstream signalling in mediating a formation of hair polarity in wing cells
In wing epithelia cells, PCP components establish proximal to distal polarity
leading to local Fz activity at distal cell boundaries which initiates the outgrowth of an
actin-rich pre-hair at the distal tip of each cell. This process involves the activity of the
small GTPase, RhoA, and its downstream effector Drosophila Rho-associated kinase
(Drok) (Strutt et al., 1997; Winter et al., 2001). These effectors act downstream of the
‘core’ PCP proteins and restrict the number of wing hairs formed rather than hair
polarity. It has been shown that upon Rho activation, Drok interacts with cyto-skeletal
components such as the Drosophila homologue of the non-muscle myosin regulatory
light chain (MRLC) - Spaghetti-squash (Squ), the Drosophila myosin II - Zipper (Zip)
and the Drosophila myosin VIIA - Crinkled (Ck) (reviewed in (Tree et al., 2002a).
These unconventional myosins may then coordinate f-actin at the distal vertex of wing
cells, which restrict the number of forming pre-hairs. However, the precise mechanism
remains unknown. (reviewed in (Tree et al., 2002a)).
1.3 Morphogenesis during zebrafish gastrulation
Non-canonical Wnt/PCP signalling not only regulates tissue polarity in Drosophila,
but also coordinates cell movement during vertebrate gastrulation. In the last few years,
zebrafish embryos have been established as an ideal model to investigate the cellular
and molecular principles of gastrulation movements. Zebrafish embryos are easy to
manipulate by injecting mRNAs encoding proteins of interest or to ‘knock-down’
endogenous gene function using ‘morpholinos’ (MO). Morpholino is a short sequence
of chemical modified anti-sense oligo-nucleotides, which can be targeted to different
regions of the gene of interest (the 5’-UTR, the start codon or splice sites). Anti-sense-
moroholinos bind the endogenous mRNA of one specific gene, leading to degradation
of this specific mRNA and thereby blocking translation. These tools allow us to study
the role of genes involved in specific developmental processes. In addition, the optical
transparency of zebrafish embryos gives the opportunity to observe morphogenesis in
vivo using time-lapse DIC imaging. Moreover, one can inject mRNAs, encoding
proteins of interest tagged to fluorescent-proteins, into the embryos and thereby follow
the sub-cellular distribution of these proteins in living embryos using confocal
microscopy.
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Gastrulation is a complex morphogenetic event, shapes the embryonic structure and
leads to the formation of three germ layers: ectoderm, mesoderm and endoderm. It
involves the coordination of several types of cell movements including (1) epiboly, (2)
involution and (3) convergent extension, which are illustrated in Figure 1.7 and
described in detail in the following sections (Kimmel et al., 1995; Montero and
Heisenberg, 2004).
Figure 1.7   Overview of gastrulation movements in zebrafish
Lateral view of embryos at different developmental stages, in all images dorsal (D) is to the right; ventral
(V) to the left; the animal pole (AP) is at the top; the vegetal pole (VG) is at the bottom. (a) a shield
stage embryo (6hpf) at the beginning of gastrulation. The shield region at the dorsal margin on the right
side will give rise to the embryonic axis. Different types of gastrulation movements are indicated by
arrows. Epiboly (red arrow) spreads and thins the blastoderm vegetally until it covers the yolk.
Involution movements (green arrows) form the germ layers the outer ectoderm/epiblast and the inner
mesendoderm/hypoblast. Convergence (blue arrows) medio-laterally narrows the tissue, while extension
movements (yellow arrow) lengthen the embryonic axis. The anterior migration of involuting
mesendoderm and epiboly of all germ layers contributes to the extension of the embryonic axis. (b) tail
bud stage embryo (9.5hpf) at the end of gastrulation. Convergence (blue) and extension (yellow)
movements continue during segmentation stages. Head and tail rudiments of the embryo are already
visible. (c)  Embryo at during segmentation at 16hpf; structured in head, axis, somites and tail. This
figure was adapted from (Myers et al., 2002).
Epiboly movements – covering the yolk cell
 An overview of the developmental stages during zebrafish embryogenesis is
illustrated in Figure 6.1 within the appendix section. After fertalization of the oocyte,
the cytoplasm streams outwards and separates from the yolk, leading to the formation
of the first yolk free blastodermal cell located on top of the yolk cell. One-cell stage
embryos can be easily injected with mRNAs which will be evenly distributed and
expressed in all cells of the future embryo. This first blastodermal cell then undergoes a
series of synchronous cell divisions, also referred as discoidal cleavage, resulting in a
multi-cellular blastodermal cap on top of the yolk cell (Kimmel et al., 1995). At the so-
called blastula stage, the embryo consists of a yolk cell, a yolk syncycial layer (YSL)
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of nuclei at the surface of the yold cell, which formed by marginal cells collapsing their
content into the yolk, and embryonic tissue, which consists of non-epithelial deep layer
(DEL) of blastodermal cells, and an outer enveloping mono-layer (EVL) surrounding
and protecting the inner blastodermal cells (illustrated in Figure 1.8(i)).
Epiboly movements start when blastodermal and EVL cells begin to spread over
the yolk cell. The basis for cell spreading is a process termed ‘radial intercalations’.
During this process inner blastodermal cells move outwards in between superficial
cells leading to thinning of the tissue along the radial axis and an extension along the
margin of the tissue covering the yolk cell (Fig.1.8(ii)). In contrast to blastodermal cells
undergoing radial intercalations, the surface of the enveloping layer (EVL) increases
through ongoing cell divisions as well as EVL-cells changing their morphology to
become flat and big cells. The leading edge of the enveloping layer is attached to the
yolk cell membrane and moves over the yolk cell towards the vegetal pole of the
embryo. Therefore, epiboly movements stop at the end of gastrulation, when the yolk
cell is covered by embryonic tissue. Gastrula stages are morphologically determined
according to the progress of epiboly movements; for example 50% epiboly refers to the
developmental stage where half of the yolk cell is covered by embryonic tissue.
Figure 1.8  Overview of radial intercalation movements underlying epiboly
 (i) Lateral view of a wild-type embryo at 30% of epiboly; (5hpf) Epiboly movements are defined by the
spreading of the cells over the yolk cells in direction of the vegetal pole (green arrows). These
movements continue until the whole yolk cell is covered by embryonic cells. The red box outlines the
embryonic region at the animal pole, which schematized in (ii). (ii) Scheme of radial intercalation
movements. During radial intercalation, the deep blastodermal cells (red) move in between cells located
more close the surface (orange). This movement results in flattening of the tissue during epiboly and
push the cells towards the side a tissue rearrangement which drives epiboly movements. The EVL cells
(blue) are forming the enveloping layer (EVL) which protect the embryo. The deep epithelial like layer
(DEL) is formed by the blastodermal cells which are in between the EVL and the yolk cell. This Figure
was modified after (Montero and Heisenberg, 2004).
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Involution - formation of mesendodermal germ layer
The beginning of gastrulation is defined by the onset of involution movements
leading to the formation of three germ layers: ectoderm, mesoderm and endoderm.
Involution movements start at 50% epiboly when cells accumulate at the margin of the
blastoderm, forming the embryonic germ ring (Fig.1.9(i)). In zebrafish the process of
involution describes the internalization of mesendodermal cells within the germ ring
margin, which form the mesendodermal germ layer consisting of mesodermal and
endodermal progenitors. Non-involuting ectodermal progenitors, which are located
above the involuting mesendodermal cells, form the ectodermal germ layer. Therefore,
internalization of mesendodermal progenitors forms an inner cell layer, the hypoblast
whereas the non-involuting ectodermal cells form an outer cell layer, the epiblast
(Fig.1.9(ii)). Ectodermal/epiblast cells continue epiboly movements covering the yolk
cell by moving in direction of the vegetal pole. In contrast, mesendodermal/hypoblast
cells, once internalized, move in the opposite direction towards the animal pole using
the overlaying ectodermal cells and the YSL as a substrate (Montero et al., 2005).
Involution occurs all around the germ ring margin and continues throughout
gastrulation The first cells involuting at the dorsal side of the embryo will give rise to
the prechordal plate. They are followed by axial or chordal mesendodermal progenitors
forming the notochord as a part of the embryonic axis. These first involuting
prechordal pate and axial progenitors migrate as a compact cell-sheet. Cells
internalizing at lateral positions are loosely associated and migrate as individual cells.
They form the paraxial mesendoderm which will give rise to the somites adjacent to the
notochord. In contrast to cells involuting at early gastrula stages, cells, involuting at
later stages will not migrate towards the animal pole but instead continue to migrate
towards the vegetal pole together with the overlying epiblast cells.
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Figure 1.9   Overview of involution movements during gastrulation
(i) Lateral view of a wild-type embryo at shield stage; 60% of epiboly (6hpf). The ventral side (v) is to
the left while dorsal is to the right (d). Involution movements are defined by the inwards movement of
mesendodermal progenitors all around the germ ring margin (blue arrow). The red box outlines shield
region at the dorsal side  of the embryo, which is schematized in (ii). (ii) Scheme of involution
movements at the shield region. Involuting mesendodermal/hypoblast cells (red) move towards the
animal pole (anterior migration; arrow) forming the mesendodermal germ layer, the hypoblast. The
overlying non-involuting ectodermal/epiblast cells (green) will continue epiboly movements towards the
vegetal pole of the embryo (arrow) and form the ectodermal germ layer -  the epiblast. The involuting
hypoblast cells migrate in between the overlaying epiblast cells and underlying yolk syncytial layer
(YSL) - a syncytium of nuclei located below yolk membrane. Enveloping layer (EVL) (blue cells)
surround the embryo. This figure was modified from a review by (Montero and Heisenberg, 2004).
The underlying mechanisms that drive involution are not yet characterized in detail.
However, differential cell adhesion between the germ layers might be an important
mediator for several aspects of involution movements. (i) Internalization requires that
hypoblast cells change their adhesive properties allowing them to delaminate from
epiblast cells, a process known as epithelial-mesenchymal transition. (ii) The
separation between germ layers is regulated by differential cell adhesive properties of
each germ layer. (iii) Hypoblast cells need to dynamically build and break cell contacts
in order to migrate along overlaying epiblast cells which move in the opposite direction
(Montero et al., 2005).
Convergence and extension – formation of the body axis
Convergence and extension movements function in conjunction with epiboly and
internalization to shape a mass of cells into an embryo structured in head, body axis,
and tail which displays dorsal-ventral (back-underside) and anterior-posterior (head-
tail) polarity at the end of gastrulation (Fig1.7). At the same time as the germ ring
forms and mesendodermal cells internalize, convergence drives epiblast and hypoblast
cells to move towards the dorsal side of the embryo forming a dorsal thickening of the
tissue known as the ‘shield’ (Fig.1.7(a)). This shield region represents the embryonic
organizer, which induces dorsal cell fate and thereby determines the position of the
future embryonic axis. Both convergence and extension movements function together
in shaping the embryonic axis. While convergence movements narrows dorsal tissue in
medio-lateral direction, the embryonic axis expands along anterior-posterior direction
driven by extension movements coupled with epiboly and internalization (Fig.1.10B).
Depending on the position within the embryo, cells undergo different degrees of
convergent extension movements (C&E) reviewed in (Myers et al., 2002) (Fig1.10A).
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Cells, located at lateral positions, migrate in a directed manner towards the dorsal side
(Fig.10C;A, blue arrows). As cells approach the midline, they adapt bipolar
morphology and move in between each other (medio-lateral intercalation) leading to an
anterior-posterior extension of the body axis (Fig1.10D;A, yellow arrows). Therefore,
medio-lateral intercalation translates convergence into extension movements. In
contrast, cells at the ventral side do not undergo convergence and extension
movements, but instead move towards the vegetal pole and contribute to tail formation
(Fig.1.10A, red arrow). Therefore, the embryo is defined in three domains, the ventral
domain where C&E is absent, the lateral domain with strong C&E movements and the
dorsal domain with strong extension and limited convergence movement.
Figure 1.10  Overview of convergent extension movements during gastrulation
(A) schematic overview of the three movement domains of convergent extension during gastrulation.
Cells of the dorsal (D) domain undergo strong extension and little convergence movements (yellow
arrows); lateral domain showing convergent and extension (C&E) movements with increasing speed
towards the dorsal side (light and dark blue arrows); ventral (V) domain showing no C&E movements,
ventral cells move down towards the vegetal pole (red arrow) (B) Scheme of tissue rearrangements
during C&E movements. C&E movements are defined by the medio-lateral (ML) narrowing of the tissue
and extension in the anterior (A) – posterior (P) direction. This drives the elongation of the embryonic
axis. (C,D) Schematic representation of the different types of cell movements, which drive C&E  (C)
Directed migration of lateral cells in dorsal, anterior and posterior direction, without intercalation of
cells; the black line indicates the dorsal midline (D) Medio-lateral intercalation of dorsal cells; cells
marked in red and green move in between each other and thereby contribute to C&E movements; black
line indicates the dorsal midline. This figure was modified from a review by (Myers et al., 2002)
INTRODUCTION
19
1.4 Non-canonical Wnt11 signalling in regulating gastrulation
movements
Even though gastrulation movements have been described in detail, much less is
known about the genes involved in coordinating these movements. A number of
genetic screens identified several mutants that show defects in gastrulation movements,
but do not affect the gene expression pattern of cell fate regulators (Driever et al., 1996;
Haffter et al., 1996; Hammerschmidt et al., 1996; Heisenberg et al., 1996; Heisenberg
and Nusslein-Volhard, 1997; Solnica-Krezel et al., 1996). One class of mutants display
defective convergent and extension (C&E)  movements leading to a ‘CE phenotype’,
which is characterized by a shorter and broader body axis at the end of gastrulation.
Mapping of these mutations revealed that they are located in genes of the non-
canonical Wnt/PCP pathway. Two of these genes, silberblick (slb) and pipe-tail (ppt)
encode the non-canonical Wnt signalling molecules Wnt11 and Wnt5a (Heisenberg et
al., 2000; Rauch et al., 1997), which have been shown to mediate convergent extension
movements in a functionally redundant manner (Kilian et al., 2003). This thesis focuses
on Wnt11 signalling and its role in regulating cell movements in zebrafish.
Silberblick/wnt11 mutants and their defects in gastrulation movements
Slb/wnt11 mutant embryos display a shorter and broader body axis at the end of
gastrulation causing narrow eyes during later development – the reason why the gene is
termed ‘silberblick’ (German for ‘squint-eyed’) (Fig.1.11) (Heisenberg and Nusslein-
Volhard, 1997). Both phenotypes are transient during development and can not be
found in adult zebrafish, which are homozygous viable. Sequence analysis of slb
mutant alleles, slbtx226 and slbtz216, showed that point-mutations lead to stop-codons in
the positions of Trp234 (slbtx226) and Gly155 (slbtz216) resulting in a C-terminal
truncated, non-functional Wnt11 protein. The slb mutant phenotype can be rescued by
injection of low amounts of full-length wnt11 mRNA into slb/wnt11 mutant embryos,
confirming that the slb gene encodes the signalling molecule Wnt11 (Heisenberg et al.,
2000).
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Figure 1.11    Slb/wnt11 mutant phenotype displays a shorter body axis and narrow eyes
 (A) Schematic drawing of the organization of the embryonic body axis at bud stage, at the end of
gastrulation. (B,D) Side view of a wild-type (wt) (B) and a silberblick (slb) mutant embryo at bud stage
(10hpf). Arrowheads indicate the position of the polster. Anterior is to the left. Note that in the
embryonic axis is shorter and that the polster is positioned posterior compared to wild-type embryos.
(C,E) frontal view of wild-type and slb embryo at 48hpf. Note that the eyes are more narrow in slb
mutant embryos. This figure was adopted from (Heisenberg and Nusslein-Volhard, 1997).
Analysis of morphological defects in slb/wnt11 mutant embryos revealed that
Wnt11 function is required for cells to intercalate at the dorsal midline, a process which
promotes medio-lateral narrowing and anterior  posterior extension of dorsal tissue and
thereby contributes to the elongation of the body axis. Therefore, slb/wnt11 mutants
show broader and shorter axial and paraxial tissue as compared to wild-type embryos
(Fig.1.12A,B). This changes can be visualized by the shape of different gene-
expression domains such as no-tail (ntl), a marker for axial notochord, papc, marking
paraxial mesendodermal tissue, and dlx3, which marks the edge of the neural plate at
the end of gastrulation (bud stage; 10hpf) .Wnt11 is expressed in paraxial tissue at the
anterior half of embryos starting at mid-gastrula stages, which is consistent with its role
in mediating convergent extension movement of paraxial tissue (Heisenberg et al.,
2000).
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In addition to its late function in convergent extension movements, Wnt11 also has
an early function at the onset of gastrulation, which correlates with wnt11 being
expressed in the germ ring margin throughout gastrula stages. In slb/wnt11 mutants, the
first involuting prechordal plate progenitors migrate less efficiently towards the animal
pole. Therefore, prechordal plate cells of slb/wnt11 mutant embryos are located to the
posterior of the neural plate at the end of gastrulation, whereas in wt embryos these
cells are located to the anterior of the neural plate (Fig.1.12 A’,B’) (Ulrich et al., 2003).
Figure 1.12    Slb/wnt11 embryos display defects in convergent extension movements and
anterior migration of axial tissue
Embryos at the end of
gastrulation (bud stage; 10hpf)
stained for different marker
gene expression by insitu
hybridisation. no-tail  (nt l )
marks the notochord; distal-
less-homeobox-gene3 (dlx3)
marks the anterior edge of the
neural plate; hatching gland
(hgg) marks the polster, the
anterior end of the prechordal
plate. (A,A’) slb/wnt11 mutant
embryo; (B,B’) wild-type (wt)
embryo; (A,B) dorsal view;
Note that the notochord and
the edge of the neural plate is
broader in the s l b / w n t 1 1
mutant embryo (A; brackets)
as compared to wild-type (B;
brackets) (A’B’) view onto the animal pole; Note that in the slb/wnt11 mutant embryo the polster,
marked by hgg, has an elongated shape (A; upper bracket) as compared to wild-type (B’; upper bracket)
and that the polster is located to the posterior of the edge of the neural plate in slb/wnt11 mutant embryo
(A’). The distance between notochord and polster is smaller in the slb/wnt11 mutant embryo (A’; lower
bracket) as compared to wild-type (B’; lower bracket). This figure was adopted from my diploma thesis.
Recent studies by Ulrich et. al used time-lapse microscopy to characterize the
cellular basis for defects in cell movement in slb/wnt11 mutant embryos and thereby
uncovered the role of Wnt11 in regulating directed cell migration at the onset of
gastrulation. These studies show that in slb/wnt11 mutant embryos, involuting
prechordal plate progenitors (axial hypoblast cells) move in a less directed fashion
towards the animal pole and this is accompanied by a defected orientation of cell-
processes along the individual direction of cell movement. In contrast, the movement
of overlaying epiblast cells towards the vegetal pole is not affected in slb/wnt11
mutants. Moreover, prechordal plate progenitors of slb/wnt11 mutant embryos are less
efficient in crawling along overlaying epiblast cells. Instead of migrating towards the
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animal pole, slb/wnt11 mutant axial hypoblast cells often stick to overlaying epiblast
cells and migrate together with them towards the vegetal pole (Ulrich et al., 2005). In
addition, slb/wnt11 mutant epiblast and hypoblast cells intermingle at the border
between germ layers, whereas in wt embryos these germ layers are strictly separated.
Taken together, Wnt11 regulates directed migration of involuting prechordal plate
progenitors and germ layer separation at the onset of gastrulation, while at later
gastrula stages it also drives convergence and extension movements by promoting
medio-lateral intercalation.
Downstream components mediating non-canonical Wnt11/PCP
signalling during gastrulation
What is the molecular and cellular mechanism by which Wnt11 promotes
gastrulation movements? It is known that Wnt11 signalling involves components of the
non-canonical Wnt/PCP pathway, which mediates tissue polarity in both zebrafish and
Drosophila (Fig.1.13A,B). However, the role of Wnt11/PCP signalling in vertebrates is
much less understood. Whereas in Drosophila cell polarity is indicated by asymmetric
localization of PCP components to either proximal or distal side of cell boundaries
(Fig.1.13A), no such asymmetric localization has yet been observed during vertebrate
gastrulation. In addition, while PCP signalling in Drosophila drives cyto-skeletal
remodelling leading to polarized cell morphology (Fig.1.13C), the cellular outcome of
Wnt11/PCP signalling in vertebrates is less clear.  It has been suggested that Wnt11
facilitates gastrulation movements by triggering cells to acquire a polarized
morphology (Veeman et al., 2003a). A model reflecting the current picture of cellular
morphology induced by Wnt11/PCP signalling is shown in Figure 1.13D,E. At the
onset of gastrulation, Wnt11 triggers cell polarization of involuting prechordal plate
progenitors which in turn orient their cellular processes in the direction of cell
movement (Fig.1.13D). At later gastrula stages, Wnt11 induces the elongation of dorsal
cells in medio-lateral direction, resulting in a bipolar morphology (Fig.1.13E). This
morphology facilitates medio-lateral intercalation, a behaviour, which drives CE
movements at the dorsal side of the embryo. Therefore, Wnt11/PCP signalling may
drive polarized cell morphology, which then facilitates gastrulation movements.
Although this is an attractive model, it only covers some aspects of Wnt11 function.
For example, it does not explain how Wnt11 promotes tissue separation or coordinated
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cell movement. Moreover, Wnt11 does not only involve PCP components, but
functions through other downstream signalling components, which might mediate a
more complex cellular response as the establishment of cell polarity.
Figure 1.13   Model of the non-canonical Wnt/PCP pathway mediating tissue polarity in
Drosophila and vertebrates
(A) Schematic drawing of planar cell polarity (PCP) pathway in Drosophila wing epithelia cells. It
shows the asymmetric sub-cellular distribution of PCP components to either proximal (Fmi, Stbm, Pk) or
distal (Fmi, Fz, Dsh) cell boundaries, which establish and maintain proximal - distal cell polarity. This
results in local activity of Fz and Dsh at the distal side which activate of downstream components Rho
and Rok, facilitating the outgrowth of one actin-rich pre-hair at the distal tip of the wing epithelia cells.
(B) Schematic drawing of the vertebrate non-canonical Wnt pathway. Non-canonical Wnt signalling
requires a Frizzled (Fz) receptor and the proteo-glycan co-receptor Knypek (Kny). Activation of Fz
receptor leads to the recruitment of the intra-cellular scaffold protein Dsh to the plasma membrane. Dsh
in turn can activate small GTPases such as Rho, which involves the bridging molecule Daam1. The
precise role of Rho versus other small GTPases as well as the potential activation of JNK signalling in
the context of non-canonical Wnt activity remains unclear. Dsh can also stimulate the release of intra-
cellular calcium which activates the calcium sensitive kinase (PKC) and CAMKII, suggesting that the
Wnt/Calcium pathway may be a joint part of the non-canonical Wnt pathway. As in the Drosophila PCP
pathway, Prickle (Pk), Strabismus (Stbm) and Flamingo (Fmi; not shown) appear be involved in non-
canonical Wnt signalling. However, their precise function is unclear. Moreover, no asymmetric
localization of PCP components such as Pk, Fmi, Stbm, Fz, Dsh, Wnt has yet been observed to occur
during non-canonical Wnt signalling in vertebrates. (C) Schematic drawing of cell and tissue polarity of
the Drosophila wing epithelium. Wing cells display a polarized morphology (indicated with + and -)
which is defined by the orientation of the wing hair at the distal tip of each cell. (D) Schematic drawing
of a model describing the polarized morphology of involuting prechordal plate progenitors (axial
hypoblast cells), which move in a directed fashion towards the animal pole. These prechordal plate cells
orient their cell-processes in the direction of their movement, which defines their anterior-posterior (A-
P) polarity (E) Schematic drawing of a model describing the polarized morphology of dorsal cells close
to the embryonic axis. These cells acquire a bipolar, elongated morphology  along the medio-lateral
(ML) axis, which facilitates medio-lateral intercalation movements, driving convergent (medio-lateral
narrowing) and extension (anterior-posterior elongation) of the tissue. This figure is modified after a
review by (Veeman et al., 2003a).
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Frizzled 7 as putative receptor of Wnt11 signalling
Several studies indicate that the receptor molecule Frizzled-7 (Fz7)  transduces
Wnt11 signalling. First of all, interfering with Fz7 function, through over-expression of
Fz7 or by ‘knocking down’ endogenous Fz7 function, disrupts convergent extension
movements in Xenopus embryos (Djiane et al., 2000; Sumanas and Ekker, 2001).
Second, Xenopus Fz7 (XFz7) has also been implicated in mediating tissue separation at
early gastrula stages (Winklbauer et al., 2001). Third, over-expression of XWnt11
causes defects in convergent extension movements resulting in a phenotype similar to
embryos over-expressing XFz7. Therefore, both Fz7 and Wnt11 are involved in
regulating convergent extension (CE) movements as well as tissue separation (as
discussed earlier) suggesting that they are part of the same pathway. Indeed, Djiane et
al. demonstrated that the over-expression of XWnt11 synergizes with XFz7 to inhibit
CE movements in Xenopus embryos and that Xwnt11 physically interacts with the
extra-cellular part of XFz7 protein (Djiane et al., 2000). Consistent with this, wnt11
and fz7 are both expressed in overlapping regions of Xenopus and zebrafish embryos.
In summary, there is a strong cumulative evidence suggesting that Fz7 functions as a
receptor for Wnt11 signalling, which mediates CE movements and tissue separation.
Knypek as co-receptor for Wnt11 signalling
Knypek (meaning ‘shorty’ in Polish) is another mutant which displays a shorter
body axis at the end of gastrulation. Genetic analysis revealed that knypek genetically
interacts with Wnt11 in regulating convergent extension movements (Topczewski et
al., 2001). The knypek gene encodes a glypican, which belongs to the family of heparan
sulfate proteo-glycan (HSPG), which consist of a core protein to which heparan sulfate
glycosaminoglycan chains are attached. Glypicans, a sub-group of HSPGs are cell-
surface molecules, which are linked to the plasma membrane via a GPI (glycosyl-
phosphatidyl-inositol) anchor. It is thought that Kny is a positive regulator for Wnt11
signalling because it enhances the ability of Wnt11 to rescue wnt11/slb phenotype in a
concentration dependent manner (Topczewski et al., 2001). However, it is still unclear
how Kny exerts this function. It has been suggested that secreted Wnt molecules bind
to the sugar chains of HSPGs at the plasma membrane leading to an increased
concentration of Wnt molecules at the plasma membrane, which promotes the
interaction with Frizzled receptors (Lin, 2004). In this way, Kny might promote the
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cell-non-autonomous activity of Wnts on target cells. Consistent with this idea, the
cell-non-autonomous function of Wnt11 is required for directed migration of
prechordal plate progenitors, which do not express Wnt11 by themselves (Ulrich et al.,
2003; Ulrich et al., 2005). However, it remains to be established whether Kny is indeed
able to increase the concentration of Wnt11 at the plasma membrane.
Dsh as a downstream mediator of non-canonical Wnt11 signalling
There are several indications that the intracellular scaffold protein Dsh is involved
in mediating Wnt11 signalling. First of all, it has been shown that the ‘CE phenotype’
of slb/wnt11 mutant embryos can be rescued by the over-expression of a N-terminal
truncated version of Dsh, lacking the DIX domain (Dsh-ΔN), a construct which
specifically activates non-canonical Wnt signalling (Heisenberg et al., 2000).  Second,
Xenopus studies demonstrate that XDsh physically interacts with XFz7 and that Dsh
trans-locates to the plasma membrane when co-expressed with Fz7 (Medina and
Steinbeisser, 2000). Although Fz7 can also interact with Wnt8b leading to the
activation of canonical Wnt signalling promoting target gene expression, it has been
demonstrated that the  co-expression of Fz7 together with Wnt11 does not activate
gene expression, indicating that Fz7 and Wnt11 do not activate canonical Wnt
signalling (Medina and Steinbeisser, 2000). Third, over-expression of Dsh but not β-
Catenin, a canonical Wnt/β-Catenin pathway player, can rescue the over-expression
phenotype of Fz7, which disrupts convergent extension movements (Djiane et al.,
2000). Taken together, this data indicates that the intracellular mediator Dsh functions
downstream of Wnt11 and its receptor Fz7 activating the non-canonical Wnt  pathway
and thereby promotes convergent extension movements.
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Downstream components in mediating cellular response to Wnt11 signalling
Besides Dsh, several other intracellular molecules have been reported to function
downstream of Wnt11 and Fz7 signalling. These include proteins such as PKC, G
proteins, the small GTPases, Rho, Rac and CDC42 as well as JNK signalling(reviewed
in (Veeman et al., 2003a). Many of these components are implicated in modulating
cyto-skeletal organisation and cell adhesion, but their exact role in Wnt11 signalling
and in the regulation of gastrulation movements remains unclear.
Several evidence suggest that the activity of small GTPases such as Rho, Rac and
Cdc42 plays a role in non-canonical Wnt11 signalling in vertebrates ((Choi and Han,
2002; Habas et al., 2003; Habas et al., 2001; Penzo-Mendez et al., 2003). It has been
shown that the activity of Rac (Habas et al., 2003) as well as Cdc42 (Choi and Han,
2002; Penzo-Mendez et al., 2003) is required for convergent extension (CE)
movements downstream of XWnt11 and XFz7 in Xenopus. In addition, knock down of
RhoA function in zebrafish embryos also causes defects in CE movements (Zhu et al.,
2006). Moreover, endogenous RhoA activity can be triggered by over-expression of
XWnt11, XFz7 or XDsh in Xenopus embryos indicating that RhoA is activated
downstream of Wnt11/Fz7/Dsh signalling (Habas et al., 2001). The activation of Rho
requires the Formin homology protein Daam1, which forms a ternary complex with
Dsh and Rho upon Wnt signalling. Third, loss of Daam1 function disrupts CE
movements and leads to a phenotype, which is similar to the ones caused by the over-
expression of dominant negative versions of Wnt11 or Fz7 (Habas et al., 2001). In
conjunction with this, the downstream mediator of Rho function - Rho effector kinase
(Rok2) synergizes with Wnt11 in mediating CE movements which is based on the
observation that over-expression of Rok2 can suppress slb/wnt11 mutant phenotype in
zebrafish embryos (Marlow et al., 2002). Detailed phenotypical analysis of embryos
expressing a dominant-negative version of Rok2 (dnRok2) showed that cells at the
dorsal side fail to elongate medio-laterally, which inhibits medio-lateral cell
intercalation required for the extension of the embryonic axis (Marlow et al., 2002).
Because Rho/Rok are known modulators of the actin cytoskeleton in other systems,
they provide a molecular mechanism of how non-canonical Wnt11 signalling regulates
cell shape changes required for CE.
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There are also indications that JNK signalling is activated downstream of Wnt11.
This is based on observations that several components of the Wnt11 pathway including
Fz7, Dsh, Rac (Habas et al., 2003; Yamanaka et al., 2002) as well as Stbm and Pk
(Park and Moon, 2002; Takeuchi et al., 2003; Veeman et al., 2003b) have the potential
to activate JNK signalling when over-expressed. However, it remains unclear if the
observed activity of JNK signalling is functional relevant for non-canonical Wnt
signalling. It is known for example that JNK signalling can be induced upon cellular
stress, which could be a side effect of over-expressing pathway components within the
embryo (an argument raised by (Veeman et al., 2003a).
Although it is clear that Wnt5a activates Wnt/Calcium signalling, it is still
controversial if Wnt11 may function in the same way. In Xenopus, over-expression of
Wnt11 activates calcium-sensitive kinase C (PKC) and calcium/calmodulin dependent
kinase (CamKII)(Kuhl et al., 2000a). Recently, the intracellular scaffold molecule Dsh
has also been implicated to play a role in Wnt/Calcium signalling. Whereas full length
Dsh only moderately triggers Calcium signalling, expression of Dsh lacking the DIX
domain, which was thought to be specific for PCP signalling, strongly stimulates
intracellular Calcium release followed by activation of PKC and CamKII (Sheldahl et
al., 2003). In addition, PKCδ function, a component of the Wnt/calcium pathway,
seems to be required for CE movements and for Dsh to trans-locate to the membrane
upon Fz7 signalling (Kinoshita et al., 2003). Moreover, over-expression of Prickle, a
known component of PCP signalling, also triggers intracellular calcium release.
Altogether, these observations suggest, that there is a overlap between Wnt/PCP and
Wnt/Calcium pathways.
Wnt11 and Fz7 have also been implicated in regulating cell adhesion. In Xenopus,
Fz7 has been shown to genetically and physically interact with Paraxial Proto-Cadherin
C (PAPC) in controlling tissue separation at the onset of gastrulation (Winklbauer et
al., 2001). Phenotypical analysis in zebrafish also demonstrated that slb/wnt11 mutant
embryos exhibit defects in germ layer separation, indicating that Wnt11 signalling
mediates this process (Ulrich et al., 2003). However, the precise mechanism of how
Wnt11 regulates germ layer separation is not yet clear. In addition, a recent study
suggested that Wnt11 controls E-Cadherin mediated cell adhesion through the
activation of the GTPase Rab5, a key modulator of endocytic trafficking (Ulrich et al.,
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2005). This might be a mechanism by which Wnt11 promotes cell motility. Studies in
cell culture demonstrated that activation of Rab5 stimulates endocytosis leading to
disassembly of cell-contacts and increased migration (Murphy et al., 1996; Palacios et
al., 2005; Spaargaren and Bos, 1999). Dynamic modulation of cell adhesion might be
especially important to facilitate hypoblast and epiblast cells moving along each other
in opposite directions.  Consistent with a role of Wnt11 in controlling dynamic cell
adhesion, slb/wnt11 mutant hypoblast cells often fail to detach from overlaying epiblast
cells and therefore move together with them in the same direction, instead of moving in
the opposite direction.
Core PCP proteins Flamingo, Prickle and Strabismus and their contribution to
Wnt11 signalling
In Drosophila, cell polarity is established by an extra-cellular polarity cue, leading
to asymmetric sub-cellular localization of core PCP proteins to either proximal or distal
boundaries of wing epithelia cells. In this way core PCP components set up proximo-
distal polarity resulting in the activation of Fz and Dsh only at the distal side of the cell.
This polarized activation of Fz and Dsh Is responsible for the formation of a wing hair
at the distal tip of the cell. Although core PCP proteins, such as Prickle (Pk),
Strabismus (Stbm) and Flamingo (Fmi), have been implicated in non-canonical Wnt
signalling in vertebrates, the underlying mechanism of their function is only poorly
understood. This is partly because the asymmetric distribution of PCP components, an
essential step for Drosophila PCP signalling, has not yet been observed in vertebrates.
A recent study proposed a role of the atypical Cadherin Flamingo (Fmi) in
Wnt11/PCP signalling. It was reported that Fmi cooperates with Wnt11 signalling in
regulating CE movements (Formstone and Mason, 2005). This is based on their
findings that first, loss of Fmi function in zebrafish leads to less efficient anterior
migration of involuting axial mesendodermal cells as well as reduced CE movements
which results in a shorter embryonic axis at the end of gastrulation. Second, loss of Fmi
function in either slb/wnt11 or stbm mutant embryos causes more severe defects in CE,
indicating that Fmi functions in together with Wnt11 and Stbm to regulate gastrulation
movements.
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Vertebrate homologues of Stbm and Pk are required and genetically interact with
Wnt11 in regulating CE movements. This conclusion is based on the observation that
pk  or stbm  loss of function in  slb/wnt11 mutant embryos causes a stronger CE
phenotype than seen in embryos only mutant for slb/wnt11 (Carreira-Barbosa et al.,
2003; Jessen et al., 2002). In addition, detailed analysis of stbm mutant embryos
demonstrated that mutant cells fail to adapt medio-lateral elongated cell shape which
might inhibit medio-lateral intercalation and dorsal migration leading to reduced CE
movements. However, several experiments indicate that Pk and Stbm/Trilobite do not
simply function downstream of Wnt11. For example, only slb/wnt11 mutants but not
stbm mutant embryos can be rescued by expression of downstream components of
Wnt11 signalling (Jessen et al., 2002). In addition, gain or loss of function of Pk1 in
slb/wnt11 mutant embryos causes more severe CE phenotypes, suggesting that Pk1 is
required, but may function as a negative regulator of Wnt11 signalling. Consistent with
this idea, over-expression of Pk1 inhibits Fz7-stimulated translocation of Dsh to the
plasma membrane (Carreira-Barbosa et al., 2003). This data indicates that the function
of Pk in antagonizing Fz-Dsh activity might be conserved between Drosophila and
vertebrates.
Taken together, these data suggest that the function of core PCP proteins in
establishing tissue polarity is conserved between Drosophila and vertebrates, although
the mechanism by which these proteins regulate polarized cell morphology facilitating
directed tissue migration in vertebrates is remains to be established.
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1.5 Aims and approaches of this thesis
The central aim of this study is to understand the cellular and molecular
mechanisms by which Wnt11 signalling mediates cell behaviour in zebrafish embryos.
In the first part of my thesis, I developed an assay, which mimics Wnt11 signalling
by providing the exogenous Wnt11 signal and its receptor Frizzled7 tagged to a
fluorescent protein in blastodermal cells at the animal pole of pre-gastrula stage
embryos. This ‘animal pole assay’ for Wnt11 signalling allowed me to address the sub-
cellular distribution of Wnt11 pathway components and to identify sites at the plasma
membrane where exogenous Wnt11 signalling was locally activated.
I then used time-lapse confocal microscopy to correlate the local activation of the
Wnt11 pathway with the resulting behaviour of cells within the zebrafish embryo. To
determine the molecular mechanism by which Wnt11 exerts its function on cell
behaviour, I used gain and loss of function approaches to identify the components of
the Wnt11 pathway that are critical for Wnt11 function in this process.
Finally, I generated evidence for the endogenous relevance of my findings by
addressing the role of local Wnt11 activity in regulating cell behaviour within the
gastrulating cells. Therefore, I established a method to visualize the sites of
endogenous Wnt11 activity by determining the sub-cellular distribution of Dsh, the
downstream mediator of Wnt11 signalling, within epiblast and hypoblast cells at the
beginning of gastrulation. I then monitored the sites of local Wnt11 activity within
these gastrulating cells using time-lapse confocal microscopy and correlated the effect
of local Wnt11 activity on cell behaviour with my previous findings of exogenous
Wnt11 function within the ‘animal pole assay’.
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2 Results
Assay for Wnt11 activity in vivo
In order to address the effects of Wnt11 signalling on cell behaviour in vivo, we
established an assay, which allowed us to monitor Wnt11 activity within living cells of
zebrafish embryos. First, (cyan-, yellow-, and red-) fluorescent proteins (CFP, YFP,
RFP) were fused to the C-terminus of various components of the Wnt11 pathway,
including the ligand Wnt11, its receptor Fz7 and the intracellular signalling mediator
Dsh. The Fz7 and Dsh fusion constructs were designed as previously described (Strutt,
2001; Yang-Snyder et al., 1996). The biological activity of the Wnt11-YFP fusion was
confirmed by determining the efficiency of Wnt11-YFP compared to untagged Wnt11
to rescue slb/wnt11 mutant phenotype (table 2.1).
Table 2.1    Biological activity of Wnt11-YFP fusion construct
Various amounts of wnt11-YFP or wnt11 mRNA were injected into slb/wnt11 mutant embryos at one-
cell stage. Embryos were fixed at bud stage followed by in-situ hybridization against hgg, dlx3 and ntl
outlining the prechordal plate (hgg), the neural plate (dlx3) and the notochord (ntl) in order to visualize
the convergent extension phenotype. Injected embryos were scored according to their phenotype using
un-injected wild type and slb/wnt11 mutant embryos as reference.
Injected
mRNA
Genotype
Amount
(pg)
amount
(fmol)
rescued
(%)
total
(n)
wnt11-YFP slb/wnt11 8.0 7.18 78 89
wnt11 slb/wnt11 5.0 7.71 85 98
wnt11-YFP slb/wnt11 4.0 3.59 48 67
wnt11 slb/wnt11 2.5 3.86 69 202
wnt11 slb/wnt11 1.25 1.93 37 167
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To visualize Wnt11 activity in vivo, we injected mRNAs encoding Wnt11 pathway
components tagged to fluorescent proteins into one-cell-stage embryos and analysed
the sub-cellular distribution of these proteins in blastodermal cells at the animal pole of
pre-gastrula stage embryos (30% epiboly; 5 hours post fertilization [hpf]). Using this
‘animal pole assay’ as illustrated in Fig.2.1, we were able to mimic Wnt11 signalling
by providing the Wnt11 ligand and its receptor Fz7 in naive blastodermal cells, which
– at the stages used – do not express endogenous wnt11 within the animal pole (Makita
et al., 1998; Ulrich et al., 2003). For an overview of the expression pattern of wnt11,
and fz7a/b homologues during early developmental stages see figure 6.2 within the
appendix section. In this way we could assess the effects of exogenous Wnt11 in a
simple cellular context without interfering with endogenous Wnt11 function.
Figure 2.1    Scheme of ‘animal pole assay’ for monitoring Wnt11 activity in vivo
Schematic overview of ‘animal pole assay’ (A) Injection of mRNA of Wnt11 pathway components into
one-cell stage embryos (B) Pre-gastrula stage embryo at 30% epiboly (5hpf); red square marks the
animal pole. (C) confocal z-section of pre-gastrula stage embryo showing blastodermal cells expressing
Lyn-CFP as a membrane marker; scale bar =10µm
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Distribution of Wnt11 pathway components
2.1 Effect of Wnt11 on the sub-cellular localization of Fz7
We first monitored the effect of Wnt11 on its receptor Fz7 by co-expressing wnt11
mRNA with YFP-fusion constructs of either zebrafish homologue fz7a or fz7b (El-
Messaoudi and Renucci, 2001; Kudoh et al., 2001; Sumanas et al., 2000; Ungar and
Calvey, 2002) in our ‘animal pole assay’. In the presence of Wnt11 both Fz7a-YFP and
Fz7b-YFP form local accumulations at the plasma membrane (Fig.2.2), a phenomena
which we have never observed in the absence of Wnt11 (Fig2.3 A-C; data not shown).
Because the effects of Wnt11 on Fz7a and Fz7b localization appeared to be similar we
decided to focus on the interaction of Wnt11 with Fz7a while assuming that we would
obtain similar results for Fz7b. Therefore, all following data were obtained using
tagged and un-tagged versions of fz7a (named ‘fz7’ in the remainder of the thesis).
Figure 2.2   Wnt11 induces local accumulation of Fz7a and Fz7b at the   plasma membrane
Embryos were injected at the one-
cell-stage with 20pg of wnt11
mRNA and either 60pg of fz7a-
YFP , or 60pg fz7b-YFP mRNA.
The sub-cellular distribution of
Fz7a-YFP (A) and Fz7b-YFP (B)
was determined by confocal
microscopy in blastodermal cells
of fixed pre-gastrula stage embryos
(30% epiboly, 5hpf) at the animal
pole. (A)  Blastodermal cells
expressing Wnt11 and Fz7a-YFP;
(B) Blastodermal cells expressing
Wnt11 and Fz7b-YFP; Both Fz7a-
YFP and Fz7b-YFP locally accumulate at the plasma membrane in the presence of Wnt11 (arrowheads);
Scale bar in (A) and (B) =10µm.
Wnt11 alters the localization of Fz7 in a concentration dependent manner
In order to determine the effect of Wnt11 on the sub-cellular distribution of Fz7 in
more detail, we examined the localization of Fz7-YFP in relation to a membrane
marker Lyn-CFP in the presence of various amounts of Wnt11 (5-10pg wnt11 mRNA).
In the absence of Wnt11, Fz7-YFP localized uniformly along the plasma membrane
and co-localized with Lyn-CFP outlining the membrane (Fig.2.3A-C). In contrast, in
the presence of various amounts of wnt11, Fz7-YFP locally accumulated at distinct
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sites of the plasma membrane (Fig.2.3D-L). This effect of Wnt11 on Fz7 accumulation
appeared to be specific for Fz7 since the uniform plasma membrane distribution of
membrane bound CFP (Lyn-CFP) did not change upon Wnt11 expression
(Fig.2.3F,I,L). Moreover, both the number and the size of Fz7-YFP accumulations
increased along with the amount of Wnt11 co-expressed (Fig.2.3M,N), indicating that
Wnt11 induces Fz7-YFP accumulation in a concentration-dependent manner.
Figure 2.3      Wnt11 induces local accumulation of Fz7 at the plasma membrane in a
concentration dependent manner
Embryos were injected at the one-cell-stage with a mixture of 60pg fz7-YFP, 60pg lyn-CFP (to mark the
plasma membrane) and various amounts of wnt11 mRNA. The sub-cellular distribution of Fz7-YFP and
Lyn-CFP was determined by confocal microscopy in blastodermal cells of fixed pre-gastrula stage
embryos (30% epiboly, 5hpf) at the animal pole. (A-C) Blastodermal control cells expressing Fz7-YFP
and Lyn-CFP in the absence of exogenous Wnt11. (D-L) Blastodermal cells, expressing Fz7-YFP, Lyn-
CFP in the presence of 5pg (D-F), 10pg (G-I), or 20pg (J-L) of wnt11 mRNA. Scale bar in (A)=10µm.
(M) Ratio of the number of local Fz7-YFP accumulations at the plasma membrane in blastodermal cells
relative to the number of cell-cell contacts. Ratio of the number of local Fz7-YFP accumulations at the
plasma membrane in blastodermal cells/number of cell-cell contacts (mean of 70 cells quantified in 2D
out of 7 embryos per condition). (N) Ratio of the length of local Fz7-YFP accumulations at the plasma
membrane relative to total cell-cell contact length (mean of 70 measurements out of 7 embryos per
condition). Note that in control blastodermal cells, Fz7-YFP does not locally accumulate. Quantification
was performed in 2D by selecting one representative z-section/embryo (7 embryos per condition from 3
different experiments) and analysing 10 cells per z-section that exhibited Fz7-YFP accumulations using
Image J. Error bars in (N) and (M) represent SEM (standard error of the mean). Asterisks mark
statistically significant differences (p<0.05).
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In contrast, expression of even higher amounts (40pg mRNA) of the slb mutant
allele of wnt11 (wnt11tx226), a functional inactive C-terminal truncated version of
Wnt11 (Heisenberg et al., 2000), had no influence on the uniform membrane
distribution of Fz7-YFP (data not shown), suggesting that Wnt11 activity is needed for
accumulation of Fz7 at the plasma membrane.
Specific increase in signal intensity at sites of Wnt11-induced Fz7 accumulation
The signal intensity of Fz7 is strongly increased at sites of Wnt11-induced Fz7
accumulation as compared to the intensity of uniform Fz7 signal at the plasma
membrane in the absence of Wnt11. To quantify this increase we expressed Fz7-YFP
in a mosaic fashion either in the presence or absence of Wnt11 (for details of
experimental procedure and quantification see figure legend). In this way we could
compare the fluorescence intensity of Fz7 within the same cell at places where only
one single plasma membrane was labelled (red bracket Fig.2.4A) versus the membrane
intensity of Fz7 at sites where two membranes were labelled (yellow bracket Fig.2.4A).
In the absence of Wnt11, the ratio of double/single membrane intensity of Fz7 was
about 1.63 (±0.09SEM; n=12cells/3embryos), a somewhat lower than the expected
theoretical value of 2 (Fig.2.4A,C). In contrast, the ratio of Wnt11-induced Fz7-
accumulation/single membrane intensity of Fz7 was 5.2 (±0 . 6 S E M ;
n=15cells/3embryos), which represents an estimation considering that the intensity of
Fz7 accumulations often reached saturation. However, this quantification indicates that
Wnt11 induced a strong increase of Fz7 intensity at the site of Fz7-accumulation
(Fig.2.4B,C) which was significantly higher than the intensity increase caused by two
labelled plasma membranes contacting each other in control cells only expressing Fz7-
YFP.
To substantiate the initial observation made in Figure2.3 that Wnt11 only affects
the localization of its receptor Fz7 but not of the membrane marker Lyn-CFP, we
compared the intensity of Fz7-YFP and Lyn-CFP of the same cell at sites within versus
next to Fz7 accumulation as demonstrated in Fig2.4 D,D’. The results confirmed that
only Fz7-signal showed an about 3fold increase at sites of Fz7 accumulation versus a
ratio of one was observed for Lyn-CFP membrane intensity within/next to Fz7-
accumulation.
RESULTS
36
Figure 2.4   Intensity of Wnt11-induced Fz7-accumulations at the membrane
One-cell stage embryos
were injected with 20pg
wnt11 mRNA (B,D,D’);
subsequently embryos
were injected with 60pg
fz7-YFP only (A,B) or
with a mix of 60pg fz7-
YFP and 60pg lyn-CFP
m R N A  (D,D’) at 16-
cell-stage to obtain
mosaic expression .
Blastodermal cells of
fixed pre-gastrula stage
embryos (30% epiboly,
5hpf) were imaged by
confocal microscopy at
the animal pole. ( A )
Blastodermal cel ls
expressing Fz7-YFP in
a mosaic manner; intensity of Fz7-YFP signal at the plasma membrane was measured at contacts
between two expressing cells (=double membrane intensity of Fz7; yellow bracket) and at sites where
only one membrane is labeled (=single membrane intensity of Fz7; red bracket). (B) Blastodermal cells
expressing Wnt11 ubiquitously and Fz7-YFP in a mosaic manner; intensity of Fz7-YFP signal at the
plasma membrane was measured at contact sites between two expressing cells showing Fz7-
accumulations (=double membrane intensity of Fz7-accumulation; yellow bracket) and at sites where
only one membrane is labeled and no Fz7-accumulation forms (=single membrane intensity of Fz7; red
bracket). (C) Ratio of double/single intensity of Fz7-YFP signal at the plasma membrane in the absence
(black bar) or presence of Wnt11 (white bar). Note that there is a significant increase in the presence of
Wnt11-induced Fz7 accumulations (asterisk; p<0.05). (D,D’) Blastodermal cells expressing Wnt11
ubiquitously and Lyn-CFP (D) + Fz7-YFP (D’) in a mosaic manner; note that D and D’ shows the same
cells in different channels. Intensity of both Lyn-CFP and Fz7-YFP signal at the plasma membrane was
measured at sites of Wnt11-induced Fz7-accumulations (=yellow bracket) and at sites of no Fz7-
accumulation between two expressing cells (=red bracket). (E) Ratio of intensity of Lyn-CFP (black bar)
or Fz7-YFP (white bar) at sites of Fz7 accumulation/adjacent sites without Fz7-accumulation. Note that
there is an about 3-fold increase of the Fz7 signal intensity at sites of Wnt11-induced Fz7 accumulation
while the intensity of Lyn-CFP at the same sites remains unchanged (ratio of one). Asterisks mark
statistically significant differences (p<0.05). Scale bar in (A,D)=10µm.
We conclude that Wnt11 specifically induces accumulation of its receptor Fz7 at
the plasma membrane, which is clearly distinguishable from Fz7 signal in the absence
of Wnt11 and is not caused by a general plasma-membrane accumulation at those sites.
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Wnt11 specifically alters the localization of Fz7 but not of FGF8-receptor
To rule out that Wnt11 may also affect the localization of other receptors, which are
not related to Wnt11 signalling, the distribution of zebrafish FGF8receptor-RFP was
tested in relation to Wnt11-induced Fz7 accumulation. This FGF8-Receptor-RFP
construct is a so far unpublished construct, which was kindly provided by Maria
Kolanczyk from the Brand laboratory at the MPI Dresden. Using this construct we
demonstrated that the uniform localization of FGF8-Recepotor-RFP at the plasma
membrane is not affected at sites where Fz7 locally accumulates upon Wnt11 (Fig.2.5).
Even co-expression of higher amounts of Wnt11 (50pg) did not affect the even
distribution of FGF8-Receptor-RFP along the plasma membrane (data not shown)
suggesting that Wnt11 specifically induces local accumulations of Fz7 but not of other
pathway-unrelated receptors.
Figure 2.5    FGF8-receptor distribution at sites of Wnt11-induced Fz7-accumulations
One-cell-stage embryos were injected with 90pg FGF8-receptor-RFP (FGF8R-RFP), 60pg fz7-YFP and
20pg wnt11 mRNA. Blastodermal cells of fixed pre-gastrula stage embryos (30% epiboly, 5hpf) were
imaged by confocal microscopy at the animal pole. (A-C) Blastodermal cells expressing Fz7-YFP (A)
and FGF8R-RFP (B) in the presence of exogenous Wnt11. Arrowheads point at Wnt11-induced Fz7-
YFP accumulations, which do not alter the uniform localization of FGF8R-RFP at the plasma
membrane. Scale bar in (A)=10µm.
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2.2 Wnt11 co-localizes with Fz7-accumulations
Next, we than asked if Wnt11 co-localizes with accumulations of its receptor Fz7 at
the plasma membrane? To address this question we analysed the sub-cellular
localization of Wnt11-YFP in the presence and absence of Fz7 by ubiquitously
expressing wnt11-YFP together with either Lyn-CFP (to mark the plasma membrane;
Fig.2.6A-C) or Fz7-CFP in our ‘animal pole assay’ (Fig.2.6D-F). To distinguish
between cell-autonomous and cell-non-autonomous activity of Wnt11, we also
transplanted Wnt11-YFP expressing donor cells into the animal pole of host embryos
ubiquitously expressing either Lyn-CFP (Fig.2.6G-I) or Fz7-CFP (Fig.2.6J-L). In the
absence of exogenous Fz7-CFP, intracellular Wnt11-YFP predominantly localized to
cytoplasmic structures in Wnt11-YFP-producing cells likely marking the secretion
machinery, but could also be detected as secreted protein localized in ‘puncta’ at the
plasma membrane of both Wnt11-producing (Fig.2.6A-C) and receiving cells
(Fig.2.6G-I). In contrast, when Wnt11-YFP was expressed in the presence of Fz7-CFP,
secreted Wnt11-YFP signal was enriched in Fz7-CFP accumulations at the plasma
membrane of both Wnt11-producing (Fig.2.6D-F) and receiving cells (Fig.2.6J-L).
These accumulations of secreted Wnt11 were considerably larger than the ‘puncta’ of
Wnt11-YFP at the plasma membrane seen in the absence of exogenous Fz7 (Fig.2.6A-
C,G-I) indicating that exogenous Fz7 also affects the extra-cellular distribution of
Wnt11.
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Figure 2.6     Wnt11 co-localizes with Fz7 at the plasma membrane
One-cell stage embryos
were injected with
either with 60pg lyn-
C F P  (to mark the
plasma membrane; A-
C, G-I) or with 110pg
fz7-CFP mRNA (D-F,
J-L). Additionally,
embryos were either
injected at the one cell
stage with 50pg-100pg
wnt11-YFP mRNA (A-
F )  o r  r e c e i v e d
transplanted cells from
Wnt11-YFP expressing
donor embryos (G-L)
resulting in a mosaic
expression of Wnt11-
YFP. Blastodermal
cells of fixed pre-
gastrula stage embryos
(30% epiboly, 5hpf)
were imaged by
confocal microscopy at
the animal pole. (A-C)
Blastodermal cells
expressing Wnt11-YFP
and Lyn-CFP in the
absence of exogenous
Fz7. Arrowheads point
a t  p u n c t u a t e
accumula t ions  o f
Wnt11-YFP at the
plasma membrane. (D-
F) Blastodermal cells
expressing Wnt11-YFP
a n d  F z 7 - C F P .
Arrowheads point at
Fz7-CFP accumulations at the plasma membrane co-localizing with accumulated Wnt11-YFP. (G-I)
Blastodermal donor cells expressing Wnt11-YFP (green) and host cells expressing Lyn-CFP (Li et al.).
Arrowheads point at punctuate accumulations of Wnt11-YFP at the plasma membrane of signal
receiving host cells. (J-L) Blastodermal donor cells expressing Wnt11-YFP (green) and host cells
expressing Fz7-CFP (Li et al.). Arrowheads point at Fz7-CFP accumulations at the plasma membrane of
host cells co-localizing with accumulated Wnt11-YFP. Scale bar in (A,D)=10µm.
Taken together, we found that Wnt11 induces Fz7-accumulation and gets locally
enriched at those sites presumably by direct binding of Wnt11 to Fz7 as it has been
previously shown for XWnt11 and XFz7 in Xenopus (Djiane et al., 2000). Moreover,
Wnt11/Fz7 accumulations are located at the plasma membrane of both Wnt11-
producing and receiving cells suggesting that Wnt11 can act cell-autonomously as well
as non-autonomously in this process.
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2.3 Wnt11 induces Fz7 accumulations on both sides of
contacting cell membranes
Wnt11-induced Fz7 accumulations at the plasma membrane seem to form at sites of
cell contacts of two adjacent cells. To investigate whether Fz7 accumulations form on
both sides of contacting cell membranes or whether they are restricted to the membrane
of one cell only, we transplanted Fz7-YFP expressing cells into host embryos
expressing Wnt11 together with Fz7-CFP (Fig.2.7A). When Wnt11-induced
accumulations of Fz7 were located at cell boundaries between Fz7-CFP-positive host
cells and Fz7-YFP-positive transplanted donor cells, these accumulations contained
both Fz7-YFP and Fz7-CFP (Fig.2.7B,D-F). This indicates that Fz7 accumulations
form on contacting plasma membranes of both neighbouring cells. Importantly, Wnt11-
induced accumulations of Fz7 at the plasma membrane were not restricted to cell-cell
contact sites between host and donor cells, but were equally observed at host-host and
donor-donor cell contacts  (Fig.2.7B,C and data not shown). This confirms our
previous observation (Fig.2.6) that Wnt11 can function both cell-autonomously and
cell non-autonomously to induce Fz7 accumulations at two contacting plasma
membranes of signal producing and receiving cells.
Figure 2.7   Wnt11-induced Fz7 accumulations form on both sides of contacting plasma
membranes
Cel ls  f rom
donor embryos
expressing
60pg of fz7-
Y F P  m R N A
were trans-
p l a n t e d  a t
sphere stage
(4hpf) into the
animal pole of
host embryos
expressing a
combination of
110pg fz7-CFP
a n d  2 0 p g
wnt11  mRNA.
Blastodermal
ce l l s  were
imaged within
the animal pole
1 - 3 h  a f t e r
transplantation by confocal microscopy. (A) Schematic illustration of the experimental set-up. (B)
Schematic illustration of Fz7 distribution typically observed between two transplanted donor cells and
between donor and host cells. (C) Fz7-YFP accumulation (arrowhead) between two transplanted donor
cells (Li et al.) induced by Wnt11 expressed in surrounding host cells (green). (D-F) Fz7 accumulation
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located between a transplanted donor cell and a host cell. Note that Fz7 accumulation is observed both in
transplanted donor cell (Fz7-YFP, arrowhead in E) and host cell (Fz7-CFP, arrowhead in D) and that
both Fz7-YFP and Fz7-CFP co-localize in the same accumulation (arrowheads in F). Scale bar in
(C,F)=10µm.
2.4  Knypek affects the distribution of Wnt11
It has been shown that the membrane associated heparan sulfate proteo-glycan
(HSPG) Kny is a positive regulator for Wnt11 signalling because it enhances the ability
of Wnt11 to rescue wnt11/slb phenotype in a concentration dependent manner
(Topczewski et al., 2001). However, it is still unclear how Kny promotes Wnt11
signalling. It has been postulated that binding of Wnts to the sugar chains of HSPGs
increases the concentration of Wnt molecules at the plasma membrane presented to
Frizzled receptors (Lin, 2004). We wanted to test this hypothesis by expressing Wnt11-
YFP in a mosaic fashion in the presence or absence of exogenous Kny expression. We
found that, whereas Wnt11-YFP localizes in ‘puncta’ at the plasma membrane
(Fig2.8A-C also see Fig.2.6), over-expression of  Kny triggers Wnt11-YFP to evenly
localize along the plasma membrane of Wnt11 producing as well as receiving cells
(Fig2.8D-F). This indicates that Kny is able to concentrate secreted Wnt11 molecules
at the plasma membrane, presumably through direct interaction with Wnt11.
HSPGs also have been postulated to directly participate in Wnt signalling by
promoting dimerization of ligands with their receptors, a mechanism which has been
demonstrated for FGF-signalling, where HSPGs form a ternary complex with FGF and
its receptor (Ornitz, 2000; Pellegrini, 2001). To investigate whether Kny interacts with
Wnt11 induced Fz7 accumulations, we co-expressed a Flag-tagged version of Kny
together with Wnt11 and Fz7-YFP followed by anti-Flag antibody staining.
Surprisingly, we observed almost no local accumulations of Fz7 in the presence of
exogenous Kny expression (Fig2.8G-I). Two possible scenarios could explain this
finding (i) Kny prevents local accumulation of Fz7 or alternatively, (ii) Fz7
accumulates uniformly along the membrane as a result of high Wnt11 concentrations at
the plasma membrane. Preliminary results indicate that the intensity of Fz7
fluorescence at the plasma membrane was increased by the presence of Kny favouring
the second scenario although more experiments are needed to prove if this is the case.
One strategy might be to ubiquitously express Fz7-YFP together with Kny expressed in
a mosaic fashion in order to see whether only the cells co-expressing Fz7-YFP and Kny
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show a specific increase of Fz7-YFP intensity at the membrane in the presence of
Wnt11. In rare cases we also observed local accumulations of Fz7 at the plasma
membrane induced by Wnt11 in cells which co-express exogenous Kny-Flag (Fig2.8G-
I). In those cases Kny-Flag was still evenly located around the plasma membrane
regardless to local accumulated Fz7 signal (Fig2.8G-I). This suggests that Kny does not
directly participate in local Fz7/Wnt11 accumulations.
Figure 2.8   Knypek sequesters Wnt11 to the plasma membrane of Wnt11 producing and
receiving cells
For (A-F) One cell
s tage embryos
were injected with
either with 50pg
lyn-CFP (to mark
t h e  p l a s m a
membrane; A-C) or
with a mixture of
50pg of lyn-CFP
and 75pg kny-Flag
mRNA ( D - F ) .
Additionally,
embryos  were
injected at the 16-
cell stage with
75pg of wnt11-YFP
m R N A  ( A - F )
resulting in a
mosaic expression
of Wnt11-YFP.
Blastodermal cells
of  f ixed pre-
gas t ru la  s tage
embryos (30%
epiboly, 5hpf) were
imaged by confocal
microscopy at the
animal pole. (A-C)
Blastodermal cells
expressing Wnt11-
YFP (green) and
Lyn-CFP (red) in
the absence of
exogenous Kny.
Arrowheads point
a t  p u n c t u a t e
accumulations of
Wnt11-YFP at the
plasma membrane. Asterisks mark Wnt11 signal receiving cells (D-F) Blastodermal cells expressing
Wnt11-YFP (green) and Lyn-CFP (red) in the presence of exogenous Kny. Arrowheads point at Wnt11-
YFP locates at the plasma membrane of Wnt11 producing and receiving cells. Asterisks mark Wnt11
signal receiving cells For (G-L) One cell stage embryos were co-injected with a mixture of 60pg Fz7-
YFP, 20pg of wnt11 and 75pg of kny-Flag mRNA. Embryos were fixed at pre-gastrula stages (30%
epiboly, 5hpf) followed by anti-Flag antibody staining. Blastodermal cells were imaged by confocal
microscopy at the animal pole. (G-L) Blastodermal cells expressing Fz7-YFP (green), Wnt11 and Kny-
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Flag (red). (G-I) Blastodermal cells mostly show Fz7-YFP and Kny-Flag evenly localized at the plasma
membrane. (J-L) Image shows a rare case of local Fz7-YFP accumulation at the plasma membrane
(arrowhead), which does not affect the even distribution of Kny-Flag at the plasma membrane. Scale bar
in (A,D,G,J)=10µm
In summary, our data indicate that Kny concentrates Wnt11 at the plasma
membrane. Importantly in the presence of over-expressed Kny, secreted Wnt11 signal
is enhanced at the plasma membrane of cells that do not express Wnt11 suggesting that
Kny may enhance the capability of Wnt11 to act cell non-autonomously on signal
receiving cells.
2.5 Stbm localization is independent of Fz7 accumulations
In Drosophila, the asymmetric localization of PCP components to distinct sites of
cell membranes is a crucial step for establishing cell and tissue polarity. In wing
epithelia cells a subset of PCP components such as Fz, Dsh and Diego (Dgo), localize
to distal cell cortices while Strabismus (Stbm) and Prickle (Pk) are enriched at
proximal sites. Furthermore, Stbm and Pk are thought to antagonize Fz and Dsh
activity by inhibiting the recruitment of Fz and Dsh to proximal sites, which results in
exclusive activity of Fz and Dsh at the distal site reviewed in (Strutt, 2002). In
zebrafish embryos, Stbm/Trilobite seems to genetically interact with Wnt11 to regulate
convergent extension movements (Topczewski et al., 2001). However, it is still unclear
whether Stbm is functions as an mediator or antagonist in the context of Wnt11
signalling in vertebrates. To get more insights we tested whether the sub-cellular
localization of Stbm is affected by local Wnt11/Fz7 accumulations in the ‘animal pole
assay’. Data of Drosophila PCP signalling would predict an exclusive localization of
Stbm and Wnt11/Fz7 accumulation. However, when we expressed Stbm-HA together
with Fz7-YFP and Wnt11, we observed that the plasma membrane staining of Stbm-
HA, detected by anti-HA antibody staining,  was slightly but significantly increased at
sites of local induced Fz7-YFP accumulation (8%±8SEM; p=0.003; n=22) as compared
to locations next to Fz7-YFP accumulations (Fig2.9A,A’B). While this result is in
contrast to the excusive localization of Stbm and Fz in Drosophila PCP signalling,
there is evidence from mammalian cochlea cells which demonstrates that Stbm and Fz3
physically interact, and show the same asymmetric distribution and that Stbm function
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is required for asymmetric localization of Fz3 (Montcouquiol et al., 2006). This
suggest that in vertebrates PCP components may adopted new ways of interacting and
establishing cell polarity as compared to PCP signalling in Drosophila.
Figure 2.9    Stbm-HA localization in respect to Fz7 accumulations
One-cell stage embryos were injected with a combination of 60pg fz7-YFP, 20pg of wnt11 and 25pg of
stbm-HA mRNA and fixed at pre-gastrula stages (30% epiboly, 5hpf) followed by anti-HA antibody
staining. Embryos were imaged by confocal microscopy at the animal pole. (A) Blastodermal cells
showing Wnt11 induced accumulations of Fz7-YFP indicated with arrowheads; scale bar =10µm (A’)
correspond to image (A) showing antibody staining against Stbm-HA. Note that the distribution of Stbm-
HA is slightly increased at sites of Fz7-YFP accumulations indicated with arrowhead. (B) Quantification
of membrane intensity of Stbm-HA antibody staining at sites of Fz7 accumulation (108%±8SEM)(white
bars) relative to membrane intensity next to those sites (black bars =100%). Note, that there is a
significant difference between the intensity of Stbm-HA inside versus next to Fz7 accumulations
(p=0.003; n=22). Error-bars indicate SEM.
Taken together our data indicate that locally accumulated Fz7 slightly increases the
amount of Stbm-HA at those sites. However, this effect is very mild, and therefore the
biological significance of this observation remains to be established. For the future it
will be interesting to examine the sub-cellular distribution of endogenous PCP
components such as Fz7, Dsh, Stbm and Pk in order to explore the functional
relationship between Fz7/Dsh and Stbm/Pk.
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2.6 Wnt11/Fz7 accumulations locally activate non-canonical
Wnt11 signalling
Dsh is locally recruited to sites of Wnt11/Fz7 accumulations
Previous experiments demonstrated that the activation of the non-canonical Wnt
pathway depends on the recruitment of the intracellular signalling mediator Dsh to the
plasma membrane. (Park et al., 2005; Rothbacher et al., 2000). In order test if Wnt11
signalling is locally activated at sites of Wnt11/Fz7 accumulations, we determined if
Dsh is recruited to those sites at the plasma membrane. Consistent with previous
reports (Park et al., 2005; Rothbacher et al., 2000), we observed that Dsh-YFP localizes
to intracellular ‘puncta’ and to the cytoplasm in cells expressing Dsh-YFP alone
(Fig.2.10B), while in cells co-expressing Dsh-YFP together with Fz7, Dsh-YFP
localizes uniformly along the plasma membrane (Fig.2.10C). This indicates that the
over-expression of Fz7 causes activation of downstream signalling via Dsh membrane
localization. Several studies used this Fz7 dependent membrane localization of Dsh as
an assay for non-canonical Wnt signal transduction to analyse other pathway
components involved in this process(Carreira-Barbosa et al., 2003; Kinoshita et al.,
2003). In addition, we found that co-expression of Dsh-CFP together with Fz7-YFP in
the presence of low amounts of wnt11 (20pg mRNA) leads to Dsh-CFP locally
accumulating at places on the plasma membrane where Wnt11-induced accumulations
of Fz7-YFP were observed (Fig.2.10D-F). This suggests that Wnt11/Fz7 accumulations
at the plasma membrane sequester Dsh and represent local sites of Wnt11 activity
(illustrated in Fig.2.10G).
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Figure 2.10 Dsh is specifically recruited to the site of Wnt11-induced Fz7 accumulation at the
plasma membrane
Embryos were injected at the one-cell-stage with 60pg fz7-YFP (A), 75pg dsh-YFP (B), a combination of
75pg dsh-YFP and 50pg fz7 (C), or a combination of 75pg dsh-YFP, 110pg fz7-CFP and 20pg wnt11
mRNA (D-F). Blastodermal cells of fixed pre-gastrula stage embryos (30% epiboly, 5hpf) were imaged
by confocal microscopy at the animal pole. (A) Blastodermal cells expressing Fz7-YFP. (B)
Blastodermal cells expressing Dsh-YFP. (C) Blastodermal cells co-expressing Dsh-YFP and un-tagged
Fz7 in the absence of exogenous Wnt11. (D-E) Blatodermal cells expressing Fz7-CFP and Dsh-YFP in
the presence of exogenous Wnt11. Arrowheads point at Fz7-CFP accumulations at the plasma membrane
co-localizing with Dsh-YFP. Scale bar in (A)=10µm. (G) Model of local Wnt11 signalling activity.
Wnt11 (yellow) binds to its receptor Fz7 (black) and induces local accumulation of Fz7 molecules at the
plasma membrane. Activated Fz7 in turn locally recruits the intracellular signalling mediator Dsh (green)
to the plasma membrane followed by activation of the non-canonical Wnt signalling pathway.
Wnt11/Fz7 accumulations do not activate canonical Wnt signalling
Dsh is a downstream signalling mediator for both canonical and non-canonical Wnt
signalling. Our finding that Dsh is recruited to the sites of Fz7 accumulation at the
plasma membrane is indicative for the activation of the non-canonical Wnt pathway.
However, it is still possible that Wnt11 also activates canonical Wnt signalling. The
activation of the canonical Wnt pathway leads to a stabilization of intracellular β-
Catenin, which subsequently translocates into the nucleus and thereby activates
transcription. Thus, the localization of β-Catenin within the nucleus is a good readout
for the activation of canonical Wnt signalling. We therefore determined the distribution
of β-Catenin in the presence of Wnt11/Fz7 accumulations in our animal pole assay
using anti-β-Catenin antibodies and compared it to the localization of β-Catenin in
wild-type embryos. We found that β-Catenin is mainly localized to the plasma
membrane and was not detected within the nucleus irrespective of the absence
(Fig.2.11B) or presence of Wnt11/Fz7 accumulations (Fig.2.11A,A’). This result
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indicates that Wnt11/Fz7 accumulation do not activate canonical Wnt signalling.
Consistent with this, studies in Xenopus show that co-expression of XFz7 and XWnt11
do not induce the expression of target genes, while XFz7 expressed together with the
canonical Wnt8b leads to activation of gene transcription (Medina and Steinbeisser,
2000).
Figure 2.11    Wnt11/Fz7 accumulations do not activate the canonical Wnt pathway
One-cell stage Embryos were injected with a combination of 60pg fz7-YFP and 20pg of wnt11 mRNA
and fixed together with wt embryos at pre-gastrula stages (30% epiboly, 5hpf) followed by antibody
staining against β-Catenin. Embryos were imaged by confocal microscopy at the animal pole. (A)
Blastodermal cells showing Wnt11 induced accumulations of Fz7-YFP. (A’) correspond to image (A)
showing antibody staining against β-Catenin. Note that β-Catenin does not localize to the nucleus. (B)
Blastodermal cells of wt embryos showing antibody staining against β-Catenin. Scale bar in
(A,B)=10µm.
In summary, we found that Wnt11 specifically induces, and co-localizes with, local
accumulations of its receptor Fz7 at the plasma membrane. In addition, Wnt11
functions cell autonomously and cell non-autonomously by inducing Fz7
accumulations in Wnt11 producing and receiving cells. Furthermore, Wnt11 induced
Fz7 accumulations locally recruit the intracellular signalling mediator Dsh to the
plasma membrane, suggesting local Wnt11 signalling activity at those sites. Having
provided this first evidence for a local activity of Wnt11 in vertebrates, we wondered
how this influences the behaviour of cells.
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Effects of local Wnt11 activity on cell behaviour
2.7 Effect of Fz7 accumulation on cell contact persistency
Both Wnt11 and Fz7 have previously been implicated in cell polarization and cell
adhesion during Xenopus and zebrafish gastrulation (Medina et al., 2004; Puech et al.,
2005; Ulrich et al., 2003; Ulrich et al., 2005; Unterseher et al., 2004; Winklbauer et al.,
2001). To test whether Wnt11-induced Fz7 accumulations at sites of cell-cell contacts
locally influence cell behaviour, we recorded 3-dimensional (3D) time-lapse movies of
cells exhibiting such accumulations in our ‘animal pole assay’. We found that at the
first time-point of our movies, Fz7-YFP accumulations occupied 70% (± 3.6SEM;
n=26) of the total cell-cell contact length of neighbouring Fz7 expressing cells.
However, while these two adjacent cells moved apart from each other, at the last time-
point before they separated, Fz7 accumulations covered almost 100% (96%) (±
2.2SEM; n=26) of the total cell-cell contact length (Fig.2.12A,D; supplementary
video1). This demonstrates that cells separated latest at the sites of Fz7 accumulation.
We also observed a similar separation behaviour in ectodermal cells expressing Fz7
and Wnt11 within the germ ring of shield stage embryos (6 hpf; supplementary video
2), where endogenous Wnt11 is expressed and active (Ulrich et al., 2003).
Fz7 accumulations cause pronounced deformation of plasma
membranes towards point of cell-contact while separating
In addition, we noticed that while these cells separated, their plasma membranes
locally deformed towards the site of Fz7 accumulation at the latest point of cell-cell
contact (Fig.2.12A,E), suggesting that Fz7 accumulations are more resistant to
separation. As controls, we analysed separating cells expressing either Fz7-YFP in the
absence of exogenous Wnt11 or a membrane-tethered version of YFP (Lyn-YFP) in the
absence of both exogenous Wnt11 and Fz7 in our ‘animal pole assay. In contrast to
cells containing Wnt11-induced Fz7 accumulations at their sites of cell-cell contact,
control cells separated more evenly (Fig.2.12B,C; supplementary video 3 and 4). To
quantify these observations, we measured the angle between the adjacent plasma
membranes of two separating cells at the last time-point before separation. In this
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context, the size of the angle reflects the strength of the plasma membrane deformation
towards the point of cell-cell contact as illustrated in Fig2.12E. Indeed, we found a
significantly larger angle between the adjacent plasma membranes of two separating
cells in the presence of Wnt11-induced Fz7 accumulations (90°±4.4SEM; n=27
p<0.05) as compared to cells separating in the absence of Fz7 accumulation (Fz7-YFP:
70°±3.73SEM; n=39; Lyn-YFP: 65°±3.2SEM; n=31; Fig.2.12F). We conclude that
upon separation, cells containing Wnt11-induced Fz7 accumulations at their cell-cell
contacts display a more pronounced deformation of their plasma membranes towards
the site of Fz7-accumulations at the cell-cell contact as compared to controls. This
suggests that Wnt11/Fz7 accumulations locally increase the persistency of cell-cell
contacts.
Figure 2.12 Wnt11-induced Fz7 accumulations at sites of cell contact modulate the behaviour
of separating cells
Embryos were injected at the one-cell-stage with either a combination of 60pg of fz7-YFP and 10pg of
wnt11 mRNA (A; ‘experimental’), or 60pg of fz7-YFP only (B; ‘control’), or 25pg Lyn-YFP to mark the
membrane (C; ‘control’). 3D time-lapse analysis was performed by two-photon microscopy of
blastodermal cells at the animal pole of pre-gastrula stage embryos (30% epiboly, 5hpf). (A-C) Time-
series of two separating cells expressing a combination of Wnt11 and Fz7-YFP (A), Fz7-YFP (B) and
Lyn-YFP (C) at the plasma membrane; arrowheads point at cell-cell contact site. Cells were ‘back-
tracked’ from the first time-point of complete separation (0’) in about 2min time-intervals to synchronize
separation events. Scale bars in (A-C)=10µm. (D) Ratio of the length of Wnt11-induced Fz7
accumulation/cell-cell contact length for the 1st time point of the movie, the total average of all time-
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points and the last time-point before separation (n=26). Error bars represent SEM. (E) Schematic
diagram of two separating control (Lyn-YFP, Fz7-YFP; black) and experimental (Wnt11 and Fz7-YFP;
white) cells at the last time-point before complete separation. (F) Average contact angle between two
separating control and experimental cells at the last time-point before complete separation; number of
cell-contacts analysed per condition: 34(Fz7), 31(Lyn); 27(Fz7+Wnt11) Error bars represent SEM;
Asterisks demarcate statistically significant differences (p<0.05) between both controls versus
experimental cells.
The time of cell-cell contact is increased in the presence of Fz7
accumulations
According to the postulated increase in cell-cell contact persistency upon
Fz7 accumulations one would expect that Fz7-accumulations also affect the time cells
stay in contact. We therefore determined the contact time for separating cells and found
a consistent shift towards longer contact times in the presence of Wnt11-induced Fz7
accumulations as compared to cells in the absence of Wnt11 (Fig.2.13A), despite the
heterogeneity of our sample population. In addition, the number of cell-cell contacts
that did not separate in a given timeframe of 75min was increased in the presence of
Wnt11-induced Fz7 accumulations (Fig.2.13B). To illustrate the effect of Wnt11-
induced Fz7 accumulations on cell-contact time we calculated the ratio of cells that
exhibit a contact time longer than 30min (including non-separating cells) versus cells
separating within the first 30min of the movies (Fig.2.13C). Taken together, these
results indicate that Wnt11-induced Fz7 accumulations lead to increased cell-cell
contact persistency, most likely reflecting stronger cell-cell adhesion at these contact
points.
Figure 2.13  Wnt11-induced accumulations of Fz7 increase the cell-cell contact time
Embryos were injected at the one-cell-stage with either a combination of 60pg of fz7-YFP and 10pg of
wnt11 mRNA, or 60pg of fz7-YFP only, or 25pg Lyn-YFP to mark the membrane. 3D time-lapse
analysis was performed by two-photon microscopy of blastodermal cells at the animal pole of pre-
gastrula stage embryos (30% epiboly, 5hpf). (A) Relative distribution (in %) of cell-cell contact times for
separating control and experimental cells. Cell contact times were measured from the beginning of the
time-lapse movies until cells were completely separated; number of cell-contacts analysed per condition:
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38(Fz7), 32(Lyn), 25(Fz7+Wnt11). (B) Percentage of all control and experimental cells that did not
separate within a given time-frame of 75min; number of cell-contacts analysed per condition: 42(Fz7),
43(Lyn), 36(Fz7+Wnt11) (C) Ratio of the number of cells that show a contact time >30min including
non-separating cells versus the number of cells which separated within the first 30min of the movie
(<30min) for control and experimental conditions; number of cell-contacts analysed per condition:
42(Fz7), 43(Lyn), 36(Fz7+Wnt11).
Fz7 accumulations cause decreased shrinkage rate of cell-contact length
during cell separation
Cells containing Fz7 accumulations show increased contact-time as compared to
controls. To address whether Wnt11-induced Fz7 accumulations also influence the
dynamics of cell-cell separation, we measured the length of cell-cell contacts during the
course of cell separation and calculated the shrinkage rate for the last time-point before
cells separated. (Fig.12A,B). While control cells displayed a rapid shrinkage rate of
their cell-cell contact length during the last phase of separation (Fz7-YFP:
1.5µm/min±0.19SEM; n=19; Lyn-YFP: 1.4µm/min±0.16 SEM; n=26; Fig.2.14A,B),
cells containing Wnt11-induced Fz7 accumulations showed a significantly slower
shrinkage rate of their cell-cell contact length (0.7µm/min±0.09SEM; n=23; p<0.005;).
This reduced rate of cell-cell contact shrinkage is most likely due to stronger adhesion
of these cells to each other in the presence of Wnt11-induced Fz7 accumulations.
It remains to be established whether Wnt11-induced Fz7 accumulations are the
cause or consequence of increased cell-cell contact persistency. To distinguish between
these scenarios, we analysed cell-cell contacts containing Wnt11-induced Fz7
accumulations and compared the rate by which the total cell-cell contact length shrinks
to the shrinkage rate of Fz7 accumulations. We found that the length of Fz7
accumulations shrinks slower than the total length of cell-cell contacts (Fig.2.14C),
indicating that Wnt11-induced Fz7 accumulations are the cause rather than the
consequence of increased cell-cell contact persistency.
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Figure 2.14 Wnt11-induced Fz7 accumulations decrease the velocity of cell-separation
Embryos were injected at the one-cell-stage with either a combination of 60pg of fz7-YFP and 10pg of
wnt11 mRNA (‘experimental’), or 60pg of fz7-YFP only (‘control’), or 25pg Lyn-YFP to mark the
membrane (‘control’). 3D time-lapse analysis was performed by two-photon microscopy of blastodermal
cells at the animal pole of pre-gastrula stage embryos (30% epiboly, 5hpf). (A)  Velocity of cell-contact
shrinkage for experimental and control cells calculated for the last time-point before cells separated.
Error bars represent SEM; Asterisk marks significant difference p<0.05; number of cell contacts
analysed per condition: 19(Fz7), 26(Lyn), 23(Fz7+Wnt11) (B) Dynamic shrinkage of cell-cell contact
length for control and experimental cells during separation. Cell-cell contact-lengths of separating cells
were measured starting from the first time-point of complete separation (defined as 0min) and ‘back-
tracked’ in given time-intervals of individual movies analysed; Graphs in represent an average of all
separation events measured per condition; number of cell contacts analysed per condition: 19(Fz7),
26(Lyn), 23(Fz7+Wnt11). (C) Dynamic shrinkage of cell-cell contact length (white) and Fz7-
accumulation (red) during separation of cells containing Fz7-accumulation at their contact sites. Graphs
in represent an average of all separation events measured; number of cell-contacts analysed  23.
Taken together we conclude that Wnt11/Fz7-accumulations are more resistant to
cell-separation resulting in increased cell contact persistency, suggesting that Fz7-
accumulations locally increase cell adhesion.
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2.8 Flamingo function is required for increased cell-cell
contact persistency at sites of Wnt11/Fz7 accumulation
Fmi, Fz7 and Wnt11 co-localize at sites of cell-cell contacts
Although Fz7-accumulations are present on both sides of cell-cell contacts, it is
unlikely that Fz7 or Wnt11 themselves increase cell adhesion at those sites. We
therefore investigated the possibility of an adhesion molecule interacting with
Wnt11/Fz7 accumulations which might provide the adhesive properties of those sites.
Previous studies in Drosophila have shown that Fz, Dsh and the atypical cadherin
Flamingo (Fmi, also named Celsr2) form a signalling complex at the plasma membrane
that locally directs cyto-skeletal reorganization and/or adhesion (Classen et al., 2005;
Shimada et al., 2001). In addition, Drosophila Fmi also displays adhesive properties
which is demonstrated in its ability to aggregate S2 cells when over-expressed (Kimura
et al., 2006). Moreover in zebrafish, Fmi genetically interacts with Wnt11 to regulate
cell migration during gastrulation (Formstone and Mason, 2005). Thus, Fmi appears to
be a good candidate to mediate the increase in cell adhesion observed at sites of Fz7
accumulation.
We therefore analysed the localization of a YFP-tagged form of zebrafish Fmi2
(Fmi2-YFP) with respect to Wnt11-induced Fz7 accumulations. This construct was
kindly provided by our collaborator Masazumi Tada at University College London
(UCL), who also reported that this construct displays adhesive properties in cell sorting
assays (personal communications). We chose Fmi2 because it is maternally provided
and zygotically expressed throughout gastrulation (F.C. Barbosa. and M. Tada;
unpublished results). In Fmi2-YFP expressing cells, Fmi2-YFP localized to the plasma
membrane and accumulated at sites of cell-cell contacts (Fig.2.14B,E). These
accumulations of Fmi2-YFP were seen both in the presence and absence of exogenous
Wnt11 (Fig.2.15B,E,G), suggesting that Fmi2 accumulates independently of Wnt11.
Interestingly, when Fmi2-YFP was co-expressed with Fz7-CFP in the absence of
exogenous Wnt11, Fz7-CFP preferentially accumulated at sites of increased Fmi2-YFP
signal at the plasma membrane (Fig.2.15A-C), which indicates that Fmi2 is able to
induce Fz7 accumulation independently of Wnt11. Furthermore, in cells co-expressing
Wnt11-CFP and Fmi2-YFP along with un-tagged Fz7, accumulations of Fmi2-YFP
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also contained Wnt11-CFP (Fig.2.15D-F). Thus, Fmi2 is able to induce Fz7
accumulation in the absence of Wnt11 but co-localizes with Wnt11 in the presence of
Fz7. These observations provide evidence that Fmi2 might be a component of
Fz7/Wnt11 accumulations at the plasma membrane, possibly regulating cell adhesion
at these sites.
Figure 2.15 Fmi2 co-localizes with Fz7 and Wnt11 at sites of cell-contacts
One-cell-stage embryos were injected either with a mixture of 110pg of fz7-CFP mRNA and 50pg of
fmi2-YFP pCS2-plasmid DNA (A-C) or a mixture of 90pg of Wnt11-CFP, 50pg un-tagged fz7 mRNA
and 50pg of fmi2-YFP pCS2-plasmid DNA (D-F). Blastodermal cells of fixed pre-gastrula stage
embryos (30% epiboly, 5hpf) were imaged by confocal microscopy at the animal pole. (A-C)
Blastodermal cells co-expressing Fz7-CFP (A) and Fmi2-YFP (B) in the absence of exogenous Wnt11.
Co-localization of Fz7-CFP and Fmi2-YFP at sites of cell-cell contacts (C). Arrowheads mark places of
local accumulation. Note that there is no exogenous Wnt11 expression. (D-F) Blastodermal cells co-
expressing Wnt11-CFP (D) and Fmi2-YFP (E) in the presence of exogenous untagged Fz7. Co-
localization of Wnt11-CFP and Fmi2-YFP at sites of cell-cell contacts (F). Arrowheads mark places of
local accumulation.
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Fmi function is required for increased cell-contact persistency at sites of
Wnt11-induced Fz7 accumulations
To investigate if Fmi is required for Wnt11-induced Fz7 accumulations to increase
cell-cell contact persistency, we monitored the separation behaviour of cells containing
Wnt11/Fz7 accumulations in the presence or absence of endogenous Fmi function as
well as the behaviour of cells containing exogenous Fmi2 accumulations. For reducing
endogenous Fmi function we used a combination of anti-sense Morpholinos (MO)
targeted against the start ATG of zebrafish fmi1a, fmi1b and fmi2 genes (4ng of each
MO/embryo) that previously have been shown to effectively interfere with endogenous
Fmi activity (F.C.B. and M.T.; unpublished results). We assayed the persistency of
cell-cell contacts for these different conditions by the time cells needed to separate and
the percentage of non-separating cells. Cells in which endogenous Fmi activity was
diminished showed a reduced cell-cell contact persistency at sites of Fz7 accumulation
(supplementary movie 6 and Fig.14B,C,D) indicating that Fmi function is necessary
increase cell-cell contact persistency at those sites. In contrast, expression of
exogenous Fmi2 strongly enhanced cell-cell contact persistency as compared to cells
containing Fz7 accumulations (supplementary movie 5 and Fig.2.16). Consistent with
this, Fmi2 accumulated at sites of cell-cell contacts and remained there until cells have
completely separated which further indicates that Fmi2 increases cell adhesion at those
sites.
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Figure 2.16  Fmi function is required for increased cell-cell contact time at sites of Wnt11-
induced Fz7 accumulation
One-cell stage embryos were injected with either 50pg of fmi2-YFP pCS2-plasmid DNA, or a
combination of 60pg of fz7-YFP, 10pg of wnt11 mRNA and MOs targeted against fmi1a, fmi1b and fmi2
(4ng/MO). 3D time-lapse movies were performed by two-photon microscopy of blastodermal cells at the
animal pole of pre-gastrula stage embryos (5hpf). (A) Time series of separating cells expressing Fmi2-
YFP only; time-interval = 171s; corresponding to supplementary video5. Fmi2-YFP locally accumulated
at sites of cell-cell contact (arrowheads) and remained there until cells were completely separated. Scale
bar in (A,D,G)=10µm. (B) Relative distribution (in %) of cell-cell contact times for separating cells
either expressing Fmi2-YFP (black bar) or a combination of Wnt11 and Fz7-YFP (white bar) or a
combination of Wnt11, Fz7-YFP and MOs targeted against fmi1a, fmi1b and fmi2 (4ng/MO; grey bar;
supplementary movie 6). Cell contact times were determined from the beginning of the time-lapse movie
until cells were completely separated within a given time-frame of 75min; number of cell-contacts
analysed per condition: 24(Fmi2), 25(Fz7+Wnt11), 29(Fz7+Wnt11+FmiMO). (C) Percentage of all cells
per condition that did not separate in a given time-frame of 75 min; number of cell-contacts analysed per
condition: 40(Fmi2), 36(Fz7+Wnt11, 35(Fz7+Wnt11+FmiMO). (D) Ratio of the number of cells that
show a contact time >30min including non-separating cells versus the number of cells which separated
within the first 30min of the movie (<30min); number of cell-contacts analysed per condition: 40(Fmi2),
36(Fz7+Wnt11, 35(Fz7+Wnt11+FmiMO).
This data suggests that Fmi plays a critical role in Wnt11/Fz7-mediated cell-cell
contact persistency. Consistent with this idea, we observed an increased shrinkage rate
of the cell-cell contact length when Fmi function was ‘knocked-down’ in cells
containing Fz7 accumulations (0.9µm/min±0.07SEM; n=26; p=0.026; Fig.17A,B) as
compared to wild-type cells containing Fz7-accumulations (0.7µm/min±0.09SEM;
n=23). This indicates that loss of Fmi function causes cells to separate faster than wild-
type cells containing Fz7 accumulation. In addition, separating cells exhibiting Fmi2-
YFP at their contact sites display a significantly reduced shrinkage rate of cell-contact
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length compared to control cells expressing Lyn-YFP or Fz7-YFP (Fig.2.17B,C). This
confirms that over-expression of Fmi2 alone increases cell-cell contact persistency
resulting in slower separation dynamics. Even though cells containing Fmi2-YFP
accumulations separate slower compared to control cells, they still separate faster than
cells containing Wnt11/Fz7 accumulations. This might be an indication that Wnt11/Fz7
accumulations further increase cell adhesion through other mechanisms. However, the
shift towards longer contact time in the presence of Fmi2 accumulations was stronger
than in the presence of Fz7/Wnt11 accumulations (Fig.2.16B,C,D), clearly indicating
that Fmi2 accumulations have a strong effect on cell adhesion. There is evidence that
Fmi2 accumulations display distinct properties as compared to Fz7 accumulations
because Fz7 accumulations only cover a subset (about 70%) of the whole cell-contact
site at the beginning of our time-lapse movies, whereas Fmi2 accumulations are
already present along the whole cell-contact site (Fig.2.17A). We postulate that in
contrast to Fmi2, which accumulates and mediates cell adhesion along the whole cell-
cell contact site, Fz7 accumulations only localize to a sub-region of the cell-cell contact
where it locally induces cell-contact persistency.
Figure 2.17  Fmi function is required for reduced velocity of separating cells  containing
Wnt11 induced Fz7 accumulations
(A) Ratio of the length of accumulations/cell-cell contact length for the 1st time point of the movie and
the last time-point before separation; cells quantified: 26(Fz7+Wnt11) 27(Fz7+Wnt11+FmiMO)
24(Fmi2). Error bars represent SEM. (B) Velocity of cell-contact shrinkage for experimental cells
expressing Wnt11+Fz7-YFP (white), Wnt11+Fz7-YFP+FmiMO- (Li et al.) or Fmi2-YFP (yellow), and
control cells expressing Lyn-YFP (Parent et al.) or Fz7-YFP (grey) calculated for the last time-point
before cells separated. Error bars represent SEM. Asterisks mark significant differences of p<0.05 (C)
Dynamic reduction of cell- contact length for experimental and control cells during separation. Cell-cell
contact-lengths of separating cells were measured starting from the first time-point of complete
separation and ‘back-tracked’ in given time-intervals of individual movies analysed (about 2.5min;
examples of those movies are supplementary movies 1,3,4 and 6). Graphs represent an average of all
separation events measured per condition.
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In summary, we have shown that over-expressed Fmi2 co-localizes with Wnt11 and
Fz7 at sites of cell-cell contacts and enhances cell-cell contact persistency. We also
demonstrated that endogenous Fmi function is required for enhanced cell-cell contact
persistency at sites of  Wnt11/Fz7 accumulations. We therefore conclude that Fmi, by
interacting with Fz7 and Wnt11, contributes to the activity of Wnt11/Fz7
accumulations in mediating cell-cell contact persistency.
2.9 Localization of PAPC in respect to Wnt11/Fz7
accumulations
Besides Fmi, there is evidence that the adhesion molecule paraxial Proto-Cadherin
C (PAPC) might also be involved in the adhesive function of Wnt11-induced Fz7-
accumulations. It has been shown in Xenopus that XFz7 and XPAPC genetically and
physically interact to regulate tissue separation between mesendodermal and
ectodermal cells during gastrulation (Medina et al., 2004; Unterseher et al., 2004). To
investigate the interaction of PAPC and Fz7-accumulations in zebrafish, we made use
of the Xenopus XPAPC-GFP construct which is functional in Xenopus embryos which
was kindly provided by Alexandra Schambony, University of Karlsruhe, in Karlsruhe,
Germany and published by (Unterseher et al., 2004). When XPAPC-GFP is expressed
alone in our ‘animal pole assay’ it localized to intracellular vesicles as well as to the
plasma membrane where it accumulated at sites of cell-cell contacts (Fig.2.18A, data
not shown). In contrast to the instructive role of Fmi accumulations, accumulated
XPAPC-GFP at cell-cell contacts did not induce Fz7 accumulations at those sites in the
absence of Wnt11 (data not shown) suggesting that Fmi and PAPC might interact with
Fz7 in different ways. In the presence of Wnt11 only about 50% of Fz7 accumulations
co-localized with accumulated XPAPC-GFP at the site of cell-contacts (Fig2.18),
indicating that PAPC is not an essential player in mediating adhesiveness of Wnt11
induced Fz7 accumulations. Due to the lack of specific antibodies for PAPC we could
not address the localization of endogenous PAPC in relation to Wnt11-induced Fz7
accumulations which might give more insight into the relationship between PAPC, Fz7
and Wnt11. In both Xenopus and zebrafish, PAPC is only expressed in paraxial
mesendodermal cells and may therefore specifically promote Wnt11/Fz7 function in
controlling the adhesiveness of mesendodermal cells leading to a separation of
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mesendodermal from ectodermal tissue.
Figure 2.18  PAPC accumulates at sites cell contacts and co-localizes with Wnt11 induced Fz7
accumulations in about fifty percent cases analysed
One-cell-stage embryos were injected with 100pg PAPC-GFP 90pg fz7-RFP and 20pg wnt11 mRNA.
Blastodermal cells of fixed pre-gastrula stage embryos (30% epiboly, 5hpf) were imaged by confocal
microscopy at the animal pole. (A-C) Blastodermal cells expressing PAPC-GFP (A) and Fz7-RFP (B) in
the presence of exogenous Wnt11; (C) shows the merge of channel (A) and (B).  Arrowheads point at
PAPC accumulations at cell contact sites, which either co-localize or do not co-localize with Fz7-
accumulations at those sites. Scale bar in (A)=10µm. (D) Percentage of Fz7 accumulations that do co-
localize (white bar) or do not co-localize (black bar) with accumulations of PAPC at sites of cell-
contacts; This data is an average of 253 cells out of 14 embryos analysed; Error bars represent SEM.
2.10 Effect of Wnt11/Fz7 accumulations on the distribution of
E-Cadherin/Catenin complex
Several studies in cell culture and living zebrafish embryos have shown that Wnt11
induces the endocytosis of E-Cadherin (Ouko et al., 2004; Ulrich et al., 2005), a trans-
membrane adhesion molecule, which is linked to cortical actin fibres through the
interaction of its cytoplasmatic tail with α- and β-Catenin. To see whether Wnt11/Fz7
accumulations affect the distribution of Cadherin/Catenin complex, we determined the
endogenous localization of classic Cadherins, E-Cadherin, α- and β-Catenin by
antibody staining and cortical actin using Rhodamine-Phalloidin in our ‘animal pole
assay'. We observed reduced signal intensity at sites of Fz7 accumulation for all
components of Cadherin/Catenin complex, which is illustrated in Fig.2.19A-D’. To
quantify these observations, we determined the relative reduction for each protein by
comparing the membrane intensity inside versus next to Fz7-accumulations. We found
a pronounced reduction for classic Cadherin signal (Pan-Cadherin; 20%±2.4SEM,
n=48cells/4 embryos), E-Cadherin (28%±1.5SEM, n=60cells/4embryos) and cortical
Actin signal (26%±2.9SEM, n=84cells/5embryos) at position of Fz7 accumulations,
while Alpha-Catenin (14%±3.4SEM, n=100cells/5embryos) and Beta-Catenin
(9%±1.1SEM, n=103cells) were less reduced (Fig2.19E). There is still the possibility
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that Fz7 accumulations might interfere with the penetration of the antibody and
therefore causing a reduced staining at those sites. We therefore tested whether the
localization of E-Cadherin-GFP (kindly provided by James Nelson, Standord
University School of Medicine, Stanford, published in (Yamada et al., 2005)) at sites of
Fz7 accumulation gives a similar result as the antibody staining for endogenous E-
Cadherin. Indeed, we found that E-Cadherin-GFP signal is reduced at sites of Fz7
accumulation (Fig2.19F,F’) confirming that the local reduction of endogenous
Cadherin/Catenin complex we observed at Fz7 accumulations is real.
Figure 2.19 Local decrease of the E-Cadherin/Catenin complex at sites of Fz7accumulations
One-cell-stage Embryos were injected with 60pg fz7-YFP  and 10pg wnt11  mRNA  (A-D’) or a
combination of 90pg fz7-RFP, 90pg E-Cadherin-GFP and 20pg wnt11 mRNA (F-F’). Embryos were
fixed at pre-gastrula stages (5hpf) followed by antibody or phalloidin staining (A-D’) and confocal
microscopy. (A-D) blastodermal cells containing Wnt11 induced Fz7-YFP accumulations marked by
arrowheads. (A’-D’)  correspond to images in (A-D) showing antibody staining against Pan-Cadherin
(A’), E-Cadherin (B’), α-Catenin (D’) or Phalloidin staining cortical Actin (C’) in respect to Wnt11
induced Fz7-accumulations. Note that the signal of endogenous Cadherins and Catenins as well as Actin
is reduced at sites of Fz7 accumulation (Arrowheads).  (E) Reduction of membrane intensity of antibody
staining against Pan-Cadherin; E-Cadherin; Actin;  α-Catenin and β-Catenin at sites of Fz7 accumulation
(white bars) relative to membrane intensity next to those sites (black bars =100%). Asterisks mark
statistically significance of p<0.01; Error-bars indicate SEM (F-F’) Blastodermal cells containing Wnt11
induced accumulation of Fz7-RFP (F, arrowhead) show a reduced signal intensity of E-Cadherin-GFP at
those sites (F’, arrowhead). The scale bar in (A) and (F) represents 10µm.
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We conclude that local Wnt11 activity at sites of Fz7 accumulation leads to a
reduction of Cadherin/Catenin complex at those sites. However, the precise mechanism
by which the Cadherin/Catenin is locally reduced at sites of Wnt11/Fz7 accumulations
is not yet clear.  A recent study by Florian Ulrich et al. 2005 showed that Wnt11
enhances the endocytosis of E-Cadherin. Thus, local activation of Wnt11 signalling
might locally induce the endocytosis of E-Cadherin/Catenin complex at those sites.
Alternatively, Wnt11 might globally enhance endocytosis and recycling of the E-
Cadherin/Catenin complex within the whole cell, but selectively block the
incorporation of new E-Cadherin at sites of Fz7 accumulation which would also lead to
locally reduced E-Cadherin. Experiments that specifically interfere with endocytosis or
recycling in cells containing Fz7-accumulations might reveal the requirement of one or
the other process in local reduction of E-Cadherin/Catenin complex.
2.11 Relevance of RhoA/Rok function for Fz7/Wnt11  mediated
cell-cell contact persistency
The effects of Wnt11-induced Fz-7 accumulations on cell-cell contact persistency
might be either direct or a secondary consequence of downstream signalling through
RhoA and Rok2 modulating the actin cytoskeleton (reviewed in (Veeman et al.,
2003a).  To distinguish between these possibilities, we monitored the effects of Wnt11-
induced Fz-7 accumulations on cell-cell contact behaviour within the germ ring when
RhoA and Rok2 activity is decreased. We interfered with endogenous RhoA activity by
injecting morpholinos (MO) targeted against the zebrafish rhoa-b and rhoa-d genes,
two rhoa  homologues which are expressed during gastrulation and function
downstream of Wnt11 (Salas-Vidal et al., 2005; Zhu et al., 2006). To even further
decrease RhoA/Rok function, we incubated rhoa-b/d MO injected embryos with
specific-Rok inhibitor Y-27632 (Tocris Bioscience). We blocked either RhoA function
or RhoA and Rok2 function in cells showing Wnt11 induced Fz7 accumulations and
imaged their cell behaviour by time lapse microscopy. These embryos showed an
convergent and extension phenotype the end of gastrulation, which was consistent with
previous studies of Rho and Rok2 function(Marlow et al., 2002; Zhu et al., 2006). In
these experiments blocking RhoA/Rok function did not affect the formation of Wnt11-
induced Fz-7 accumulations or their effect on local cell-cell contact persistency
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(Fig2.20; supplementary video 7 and 8). Our data indicate that the function of Wnt11 in
mediating local cell adhesion at sites of Fz7 accumulation is independent of
downstream signalling through RhoA, and Rok2.
Figure 2.20  Effect on Wnt11/Fz7-accumulations on cell contact persistency are independent of
downstream signalling
One-cell stage embryos were injected with 8ng of RhoAa and RhoAd MO each, and a mix of 60pg of
fz7-YFP and 10pg of wnt11 mRNA. For (C) Dechorionated embryos were additionally incubated within
50µM of the Rok-specific inhibitor Y-27632 from 30% epiboly onwards. 3D time-lapse analysis was
performed by two-photon microscopy of gastrula stage embryos (starting at shield stage, 6hpf).
Ectodermal cells in lateral regions of the germ ring were imaged (note that these cells show slower
convergence movements due to reduced RhoA/Rok activity). (B) The image sequence corresponds to
supplementary movie8 and shows the separation behaviour of cells containing Fz7 accumulations at their
contact side under reduced RhoA activity. Arrowheads indicate sites of cell-cell contacts. Time-
intervals=2’37’’ (C) The image sequence corresponds to supplementary movie9 and shows the
separation behaviour of cells containing Fz7 accumulations at their contact side under reduced RhoA
activity. Time-intervals=2’45’’ Scale bars in A-C  =10µm.
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Endogenous activity of Wnt11 during gastrulation
2.12 Dsh ‘puncta’ at the plasma membrane reflect endogenous
Wnt11/Fz7 activity
Based on ‘our animal pole assay’ we can conclude that Wnt11 induces local
accumulation of Fz7 and Dsh at the plasma membrane which correlates with local
activation of non-canonical Wnt signalling. We also demonstrated that these sites of
local Wnt11 activity are present at cell-cell contacts and lead to an local increase in the
persistency of these cell contacts. However, it is still unclear whether our findings
using Fz7 accumulation induced by exogenous expression of Wnt11 and Fz7 as an
assay for Wnt11 signalling are reflecting the endogenous Wnt11 and Fz7 function
within gastrulating cells. It was previously shown that endogenous Wnt11 function is
required for coherent cell movement of mesendodermal progenitors in vivo and for
effective cohesion of mesendodermal cells in vitro (Ulrich et al., 2003; Ulrich et al.,
2005), suggesting that Wnt11 controls mesendodermal cell movements by regulating
cell adhesion.
To determine if endogenous Wnt11 controls cell contact persistency in vivo, we
first monitored endogenous Wnt11 and Fz7 distribution in gastrulating cells of shield
stage embryos (6hpf). We analysed both epiblast cells, endogenously expressing wnt11
and fz7 (El-Messaoudi and Renucci, 2001; Kudoh et al., 2001; Makita et al., 1998;
Sumanas et al., 2000; Ulrich et al., 2003; Ungar and Calvey, 2002), as well as
hypoblast cells, which only express fz7 but require Wnt11 function for proper cell
polarization and coherent migration (Ulrich et al., 2003; Ulrich et al., 2005). In order to
visualize endogenous Wnt11 and Fz7 distribution, we needed an indirect detection
method, since no antibody exists which can be used to detect endogenous Wnt11 and
Fz7 in zebrafish. As Dsh was recruited to Wnt11/Fz7 accumulations in our ‘animal
pole assay’ (Fig.2.10D-F), we assumed that Dsh-YFP recruitment to the plasma
membrane might serve as an indirect read-out for endogenous Wnt11/Fz7 activity. A
schematic overview of the experimental setup is illustrated in (Fig2.21A1-5).
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For our analysis we expressed moderate amounts of dsh-YFP (60pg mRNA), in
combination with a membrane marker Lyn-CFP, which did not affect tissue
morphogenesis during gastrulation. When Dsh distribution was monitored in
gastrulating cells, Dsh-YFP was detected in the cytoplasm as well as in ‘puncta’
located intracellular or at the plasma-membrane (Fig.2.21A,D), which was consistent
with previous observations in zebrafish and Xenopus (Carreira-Barbosa et al., 2003),
(Park et al., 2005; Wallingford et al., 2000). These Dsh ‘puncta’ were thought to
represent vesicles and only recently it had been demonstrated that they actually
constitute dynamic assemblies of Dsh protein constantly exchanging their Dsh
molecules with the cytoplasmatic pool (Schwarz-Romond et al., 2005). Based on these
data it is likely that local Dsh ‘puncta’ at the plasma membrane represent assemblies of
Dsh molecules. To test whether the local membrane recruitment of Dsh is regulated by
endogenous Wnt11 activity, we compared the number of Dsh-YFP ‘puncta’ at the
plasma membrane of germ ring cells in wild-type versus slb/wnt11 mutant embryos at
shield stage (6 hpf). In slb/wnt11 mutants, both epiblast and hypoblast cells showed
significantly less Dsh-YFP ‘puncta’ at the plasma membrane compared to wild-type
embryos (p<0.05; Fig.2.21A,B,D). Moreover, we were able to rescue this decrease in
slb/wnt11 mutants by injecting wnt11 mRNA (p<0.05; Fig.2.21C,D) which clearly
indicates that local membrane recruitment of Dsh is regulated by endogenous Wnt11
activity.
Figure 2.21  Local recruitment of Dsh to the plasma membrane of germ ring cells reflects
endogenous Wnt11 and Fz7 activity
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(A) Schematic overview of the experimental setup. (1) DIC image of an embryo at shield stage the
dorsal side is oriented to the right side; shield region is marked with a white box. (2) Schematic overview
of involution movements; involuting hypoblast cells (light red) migrate towards the animal pole whereas
epiblast cells (dark red) migrate towards the vegetal pole. (3) Section through an embryo, showing wnt11
expression (blue) in epiblast cells, detected by in situ hybridisation, Embryo is oriented in the same way
as schematic overview in 2,  (4) ectodermal cells expressing Dsh-YFP (green) and Lyn-CFP (Li et al.)
showing local recruitment of Dsh in ‘puncta to the plasma membrane (5) Schematic diagram of local
Wnt11 activity at the plasma membrane. For (B-E) One-cell-stage embryos were injected with a mixture
of 75pg dsh-YFP and 75pg lyn-CFP mRNA (to mark the plasma membrane). Epiblast and hypoblast
cells within the germ ring of fixed early-gastrula-stage embryos (shield stage, 6hpf) were imaged by
confocal microscopy. (B-D) Localization of Dsh-YFP (green) in ‘punctuate structures’ (arrowheads) at
the plasma membrane (marked by Lyn-CFP in red) of epiblast cells in a wild type embryo (B), slb/wnt11
mutant (C) and ‘rescued’ slb/wnt11 mutant embryo injected with 20pg wnt11 mRNA (D). (E) Number of
Dsh-YFP ‘punctuate structures’ at the plasma membrane of both epiblast and hypoblast cells within the
germ ring of wild type, slb/wnt11 mutant and ‘rescued’ embryos (for rescue condition, bar represents
both epiblast and hypoblast cells). Note that there is a significant decrease of Dsh ‘punctuate structures
in both epiblast and hypoblast cells of slb/wnt11 mutant embryos, which can be rescued by exogenous
Wnt11. Error bars represent SEM. Quantification was performed in 3D by choosing epiblast and
hypoblast cells and counting the number of Dsh-YFP ‘punctuate structures’ at the plasma membrane per
cell in all z-sections (step size=1.5µm). Number of cells analyzed per condition (epiblast/hypoblast):
50/43 (wt); 43/43 (slb/wnt11 mutants); 83 (slb/wnt11 rescue; epiblast+hypoblast) from 6 embryos each
out of 3 different experiments.
2.13 Secreted Wnt11 recruits Dsh in ‘puncta’ to the plasma
membrane under endogenous Fz7 activity
Our data suggest that Dsh ‘puncta’ at the plasma membrane represent sites of
endogenous Wnt11/Fz7 accumulations. To confirm this idea we decided to test whether
secreted Wnt11-YFP is able to locally recruit Dsh-CFP to the plasma membrane under
endogenous Fz7 expression levels. We observed that secreted Wnt-YFP signal
consistently co-localized with Dsh-CFP ‘puncta’ at the plasma membrane, indicating
that extra-cellular Wnt11 is able to locally recruit the intra-cellular located Dsh to the
plasma membrane, presumably through the function of endogenous the trans-
membrane receptor Fz7 (Fig.2.22E-G’). Therefore it is likely that Dsh ‘puncta’ at the
plasma membrane represent sites of endogenous Fz7/Wnt11 accumulations at the
plasma membrane. The fact that Wnt11 can induce Fz7 accumulations and recruit Dsh
in both Wnt11 producing and receiving cells (Fig.2.22E-G’) indicates that Wnt11
signalling can occur cell autonomously as well as cell non-autonomously.
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Figure 2.22  Secreted Wnt11 locally recruits Dsh in ‘puncta’ to the plasma membrane under
endogenous Fz7 expression levels
One-cell-stage embryos were injected with 100pg dsh-CFP mRNA, followed by injection at the 16-cell-
stage of 50pg-100pg wnt11-YFP mRNA resulting in mosaic expression of Wnt11-YFP. For plasma
membrane staining, FM464 was injected between the cells at 30% epiboly. Epiblast cells within the
germ ring of living early-gastrula-stage embryos (shield stage, 6hpf) were imaged by confocal
microscopy. (A,A’) Wnt11-YFP localization in ‘punctuate structures’ (arrowheads) at the plasma
membrane of both Wnt11-producing and receiving cells. The Wnt11-producing cells show strong
cytoplasmic staining. (B,B’) Dsh-CFP localization in ‘punctuate structures’ both within the cytoplasm
and at the plasma membrane (arrowheads). (C,C’) Co-localization of Wnt11-YFP and Dsh-CFP in
‘punctuate structures’ at the plasma membrane (arrowheads) of both Wnt11-producing and receiving
cells.
Taken together, we conclude that endogenous Wnt11 functions cell autonomously
and non-autonomously to activate signalling in both epiblast and hypoblast cells. We
propose that the ‘puncta’ of Dsh recruited to the plasma membrane reflect sites of
endogenous Wnt11 and Fz7 activity.
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2.14 Wnt11/Dsh ‘puncta’ at the plasma membrane display
similar properties as Wnt11/Fz7 accumulations
Dsh is locally recruited to both sites of contacting plasma membrane in
the presence of exogenous Wnt11
To test whether Dsh/Wnt11 ‘puncta’ at the membrane of gastrulating cells display
similar properties, regarding cell-cell contact persistency, as Fz7 accumulations in our
‘animal pole’ assay, we first determined whether Dsh/Wnt11 ‘puncta’ localize to both
plasma membranes of the contacting. We therefore transplanted Dsh-YFP expressing
cells in an embryo expressing a combination of Dsh-CFP and Wnt11 at sphere stage
(4hpf) as illustrated in Fig2.23A,B and monitored the localization of Dsh about three
hours after transplantation at shield stage. We frequently observed Dsh-YFP/CFP
double-positive ‘puncta’ at the plasma membrane at cell-cell contact sites between
Dsh-YFP donor and Dsh-CFP/Wnt11 expressing host cells (Fig.2.23C-E). This
suggests that Dsh/Wnt11 ‘puncta’ localize to cell-cell contact sites to both plasma
membranes of contacting cells similar to Wnt11-induced Fz7 accumulations in our
‘animal pole assay’.
Figure 2.23 Wnt11 induced Dsh ‘puncta’ localize to both sides of contacting plasma
membranes
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Cells from donor embryos (red) expressing 60pg of dsh-YFP mRNA were transplanted at sphere stage
(4hpf) into the animal pole of host embryos expressing a combination of 100pg dsh-CFP and 50pg
wnt11 mRNA. For plasma membrane staining, FM464 was injected between cells of germ ring stage
embryos. Epiblast cells within the germ ring of living early-gastrula-stage embryos (shield stage, 6hpf)
were imaged by confocal microscopy starting at 3h after transplantation. (A) Schematic illustration of
the experimental setup. (B) Schematic illustration of Dsh distribution typically observed between a
transplanted donor and a host cell. (C-E) Dsh ‘puncta’ at the plasma membrane between transplanted
donor and host cells. Note that Dsh ‘puncta’ are observed both in transplanted donor cells (Dsh-YFP,
arrowhead in C) and host cells (Dsh-CFP, arrowhead in D) and that both Dsh-YFP and Dsh-CFP co-
localize in the same accumulation (arrowheads in E).
Wnt11 localizes to sites of cell contacts and persists at those sites till cells
separated
To investigate whether Dsh/Wnt11 ‘puncta’ at the plasma membrane also
demarcate sites of increased cell-cell contact persistency, we monitored separation
behaviour of ectodermal and mesendodermal cells expressing Wnt11-YFP and the
membrane marker GPI-anchored RFP within the germ ring of late shield stage embryos
(7hpf). We noticed that Wnt11 ‘puncta’ located at contact sites between separating
cells persisted at the last point of cell-cell contact until cells separated (Fig.2.24A;
supplementary video 9 and 10) which is similar to Wnt11-induced Fz7 accumulations
in our ‘animal pole assay’.
To directly compare Wnt11-induced Fz7 accumulations with Wnt11 ‘puncta’ at the
plasma membrane in mediating cell-cell contact persistency, we monitored the
separation behaviour of blastodermal cells co-expressing Wnt11-YFP with a membrane
marker (GPI-anchored RFP) in our ‘animal pole assay’. For estimating the effect on
cell-cell contact persistency, we analysed the time cells stay in contact as well as the
percentage of non-separating cells. We observed that cells showing Wnt11 ‘puncta’ at
their contact sites display an increased cell-cell contact persistency as compared to
control cells not showing Wnt11 ‘puncta’ (Fig.2.24B-D, supplementary video 11)
However, this cell-cell contact persistency of Wnt11 ‘puncta’ is still smaller than the
one induced by Wnt11-induced Fz7-accumulations. (Fig.2.24B-D). Nevertheless,
Wnt11’puncta’ persist at the last point of cell-contacts before cells separate in a similar
way as Fz7 accumulations indicating that Wnt11 ‘puncta’ are more resistant to cell
separation. To illustrate this we compared the ratio of the size of Wnt11 ‘puncta’ and
Fz7-accumulations in relation to the whole cell contact length for the first time-point of
our movie and the last time-point before cells separate. At the beginning of the movie
Wnt11’puncta’ only represent about 10% of the cell-cell contact whereas at the last
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time-point before cells separate Wnt11 ‘puncta’ cover more than 50% of the remaining
cell-cell contact (Fig.2.24E). This result is comparable with Fz7-accumulations first
covering about 70% if the cell-contact whereas almost 100% at the last time-point
before cell separation (Fig.2.24E). Considering that Wnt11 ‘puncta’ are much smaller
than Fz7 accumulations, they still exert pronounced persistency at sites of cell-cell
contact indicating that they are more resistant to cell separation.
Figure 2.24   Effect of Wnt11-YFP on separation-behaviour of contacting cells
For (A) embryos were injected at the one-cell-stage with a combination of 80pg of wnt11-YFP mRNA
and 80pg of GPI anchored-RFP (membrane RFP). 3D time-lapse analysis was performed by confocal
microscopy of germ ring cells of late shield stage embryos (60% epiboly, 7hpf).  (A) Time series of
separating hypoblast cells. Wnt11-YFP localized in ‘puncta’ at sites of cell-cell contacts (arrowheads)
and remained there until the cells were completely separated. Cells were ‘back-tracked’ from the first
time-point of complete separation in time-intervals of 112s given by the movie analyzed; correspond to
supplementary video10. Scale bar in (A)=10µm.  For (B-E) embryos were injected at the one-cell-stage
with a combination of 80pg of wnt11-YFP mRNA and 80pg of GPI anchored-RFP (membrane RFP). 3D
time-lapse analysis was performed by confocal microscopy of blastodermal cells of pre-gastrula stage
embryos (5hpf). Correspond to supplementary video11. (B) Relative distribution (in %) of cell-cell
contact time for separating  experimental cells expressing Wnt11-YFP or combination of Wnt11 and
Fz7-YFP (white) and control cells expressing either Fz7-YFP (grey) or Lyn-YFP. Cell contact times
were measured from the beginning of the movie until cells completely separated within a timeframe of
75min. (cell-contacts analysed 28(Wnt11), 25(Fz7+Wnt11), 38(Fz7), 32(Lyn-YFP). (C) Percentage of
all cells per condition that did not separate in a given timeframe of 75 min (cell-contacts analysed
36(Wnt11), 36(Fz7+Wnt11), 42(Fz7), 43 (Lyn-YFP). (D) Ratio of the number of cells with a contact
time >30min including non-separating cells versus the number of cells separated in the first 30min of the
movie (<30min); for control and experimental conditions calculated from data shown in N and O’. (E)
Ratio of the length of Wnt11 ‘puncta’ and Fz7 accumulation/cell-cell contact length for the 1st time point
of the movie and the last time-point before separation (cell-contacts analysed: 20(Wnt11),
26(Fz7+Wnt11)).
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In summary, we showed that local activity of endogenous Wnt11 and Fz7 is
reflected by sites of local Dsh recruitment to the plasma membrane. We demonstrated
that endogenous Wnt11 directly functions in ectodermal cells expressing Wnt11 and in
mesendodermal Wnt11 receiving cells indicating its cell autonomous and cell non-
autonomous signalling activity. Moreover, Wnt11/Dsh ‘puncta’ at the plasma
membrane of gastrulating cells share several features with Wnt11/Fz7 accumulations in
‘our animal pole assay’. We therefore postulate that endogenous Wnt11 and Fz7
promote cell-cell contact persistency of gastrulating cells by locally accumulating at
sites of cell-cell contacts probably by interacting with Fmi. This stabilization of cell-
cell contacts might promote coherent migration of mesendodermal cells, providing a
novel mechanism by which Wnt11 can mediate coordinated cell movement during
zebrafish gastrulation.
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3 Discussion
3.1 Assay for Wnt11 activity in vivo
Although it is clear that non-canonical Wnt11 signalling regulates cell
movement during vertebrate gastrulation, only little is known about the cellular and
molecular mechanisms which facilitate cell behaviour downstream of Wnt11 signal
transduction. We therefore aimed to visualize Wnt11 activity in living embryonic cells
in order to monitor its direct effect on cell behaviour. To establish an assay for Wnt11
signalling we expressed Wnt11 pathway components tagged to fluorescent proteins in
embryonic cells by injecting mRNA into one-cell-stage embryos. We than monitored
the sub-cellular distribution of these proteins at the animal pole of pre-gastrula stage
embryos (5hpf). In this ‘animal pole assay’ we mimic endogenous Wnt11 activity by
providing both the ligand Wnt11 and its receptor Fz7 in undifferentiated blastodermal
cells within the animal pole which lack endogenous wnt11 expression. This allowed us
to visualize the direct effect of exogenous Wnt11 activity on cell behaviour without
interfering with endogenous Wnt11 function.
3.2 Sub-cellular localization of Wnt11 pathway components
Effect of Wnt11 on its receptor Frizzled-7
One central finding of our study is that Wnt11 induces local accumulations of its
receptor Fz7 at the plasma membrane. When Fz7-YFP is expressed alone, it localizes
uniformly at the plasma membrane. Only if Wnt11 is co-expressed, Wnt11 and Fz7
locally accumulate at distinct sites of the plasma membrane. Based on previous data in
Xenopus showing that XWnt11 and XFz7 physically interact (Djiane et al., 2000) and
our observations that a C-terminally truncated version of Wnt11, Slb/Wnt11tx226
(Heisenberg et al., 2000) does not induce Fz7-accumulations, we propose that Wnt11
binding to Fz7 causes local accumulations of Wnt11/Fz7 at the plasma membrane.
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The local enrichment of Frizzled receptor molecules at distinct sites of the plasma
membrane is a crucial step in PCP signalling for establishing polarity in Drosophila
(reviewed in (Strutt, 2002)) and has recently been linked to asymmetric cell-division in
C.elegans (Goldstein et al., 2006). In both systems, Frizzled receptors locally
accumulates in response to  Wnt/PCP signalling (Fig.3.1A-D) which is similar to our
own observation that Wnt11 induces local accumulations of Fz7 at the plasma
membrane of zebrafish embryonic cells(Fig.3.1E,F). In these studies Fz localization
was visualized using exogenous expression of Frizzled-GFP fusion proteins,
demonstrating that this is an established tool to determine the sub-cellular distribution
of Frizzled receptor molecules in the context of Wnt/PCP signalling. Our finding that
Wnt11 induces and co-localizes with Fz7-YFP accumulations at the plasma membrane
suggest those sites represent local Wnt11 activity.
Figure 3.1   Local accumulation of Frizzled receptors upon Wnt/PCP signalling in different
systems
(A,B) Asymmetric localization of Fz-GFP during PCP signalling in Drosophila wing epithelia cells.
Schematic drawings show the distribution of PCP components; Pk and Stbm in orange, Fz and Dsh I
green; (A) in wild-type wing epithelia cells PCP components localize asymmetrically (drawing); Fz-GFP
expressed, in these cells, displays a ‘zig-zag’ pattern, reflecting the Fz7-GFP localization at distal cell
cortices (yellow arrow), while Fz-GFP is absent from anterior and posterior cell boundaries (white
arrow) (B) in wing epithelia cells, mutant for one PCP component (dsh, dgo or pk) the remaining PCP
components are symmetrically localized at the plasma membrane; Fz-GFP, expressed these cells, shows
an ubiquitous plasma membrane staining (C,D) sub-cellular distribution of Fz-GFP (C.elegans protein
Lin-17) in T cells in response to a local Wnt signal (C.elegans protein Lin-44); schematic drawings of
C.elegans showing the presence (C) or absence (D) of a local Wnt/Lin-44 (red) source relative to the T
cell position (oval) (C) wildtype condition; T-cell expressing Fz/Lin-17-GFP (white circle marks the
nucleus; arrow outline the cell margin); Fz-GFP locally accumulates at the site of the T cell membrane,
which is close to the source of Wnt/Lin-44 signal (upper drawing) (D) Wnt-Lin-44 mutant condition; T-
cell expressing Fz/Lin-17-GFP (white circle marks the nucleus; arrow outline the cell margin); In the
absence of Wnt/lin-44 signal Fz/Lin-17-GFP is evenly distributed along the plasma membrane of the T
cell (white arrows). (E;F) sub-cellular distribution of Fz7-YFP in blastodermal cells of zebrafish
embryos at pre-gastrula stage (5hpf) in the presence (E) or absence (F) of exogenous Wnt11 signal. (E)
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blastodermal cells co-expressing Fz7-YFP and Wnt11; Fz7-YFP locally accumulates at the plasma
membrane in response to Wnt11 (F) blastodermal cells expressing Fz7-YFP only; Fz7-YFP ubiquitously
localizes all around the plasma membrane in the absence of Wnt11. Note that in all these systems Fz-
GFP locally accumulates at the plasma membrane in response to Wnt/PCP signalling (A,C,E); while it
remains evenly distributed along the plasma membrane in the absence of Wnt/PCP signalling (B,D,F)
Figures A and B were modified after (Strutt, 2003); Figures (C and D) were modified after (Goldstein et
al., 2006); Figures E and F are adopted from the results part of this thesis.
Function of co-receptor Knypek in mediating Wnt11 signalling
Wnt11 signalling is not only mediated by the interaction with its receptor Fz7, but it
also depends on the activity of the cell surface molecule Knypek (Kny). Kny belongs to
the glypican family which are membrane anchored heparan-sulfate-proteo-glycans
(HSPG). Previous studies showed that Kny genetically interacts with Wnt11 to
promote its biological activity (Topczewski et al., 2001). But what is the mechanism by
which Kny facilitates Wnt11 signalling? It is known that HSPGs can bind Wnt
molecules via their heparan sulfate chains. Lin et al.  proposed that HSPGs increase the
amount of Wnt molecules at the cell surface which are presented to Frizzled receptors,
resembling an indirect way to drive ligand-receptor binding (illustrated in Fig.3.2). To
test this model, we investigated the distribution of secreted Wnt11 molecules in
embryos over-expressing Kny. Our results indicate that exogenous Kny causes secreted
Wnt11 to localize evenly along the plasma membrane of cells, that either express
Wnt11 by themselves or that receive Wnt11 signal.
HSPGs have also been implicated in promoting dimerization of FGF ligands with
their receptors by forming a ternary HSPG/ligand/receptor complex (Ornitz, 2000;
Pellegrini, 2001). We therefore addressed the localization of Kny with respect to
Wnt11-induced Fz7 accumulations and found that Kny is evenly distributed along the
plasma membrane regardless to Fz7 distribution. This indicates that Kny is not
enriched in Wnt11/Fz7 accumulations suggesting that Kny does not directly participate
in ligand-receptor complex formation. Moreover, exogenous Kny seems to reduce the
efficiency of Wnt11 to induce local accumulation of Fz7, possibly as a result of an the
even distribution of Wnt11 all around the plasma membrane. This implies that the
amount of endogenous Kny is critical for local Wnt11/Fz7 activity.
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Based on our experiments we conclude that Kny triggers secreted Wnt11 molecules
to re-distribute along the plasma membrane confirming the model HSPG function in
facilitating Wnt signalling proposed by Lin et al. 2004 (Fig.3.2). Whether Wnt11 is
protected from degradation when bound to Kny, as suggested in this model, remains
unclear. However, the amount of secreted Wnt11 at the plasma membrane seems
higher when Kny is over-expressed which would promote this idea (Lin, 2004). The
function of Kny in stabilizing secreted Wnt11 at the plasma membrane could be an
important mechanism for promoting Wnt11 signalling in cells that do not produce
Wnt11 by themselves. Indeed, previous studies demonstrated that Wnt11 function is
mainly required for directed migration of signal receiving hypoblast cells (Ulrich et al.,
2003) indicating that non-canonical Wnt11 signalling activity is important. Moreover,
Kny seems to indirectly promote efficient Wnt activity by increasing the concentration
of Wnt11 at the cell surface rather than actively participating in ligand-receptor binding
and signal transduction. This hypothesis is consistent with our data, which does not
provide any indication that Kny might directly interact with local accumulated Fz7
reconstituting sites of local Wnt11 activity. However more experiments are needed to
prove this hypothesis.
Figure 3.2   Model for HSPG function in promoting Wnt signalling
Model for the function of Heparan sulfate proteo-glycans (HSPG) in promoting Wnt signalling. Secreted
Wnt molecules (pink) bind to the sugar chains (green) of membrane associated HSPGs, which might
protect them from being degraded. In this way Wnt molecules concentrate close to the plasma membrane
which promotes the binding to their Frizzled receptor (red). This model was proposed by Lin et al. 2004;
This figure was modified after the review by (Lin, 2004)
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Localization of intra-cellular signalling mediator Dsh
Dsh is a downstream component of both the canonical and non-canonical Wnt
pathway, but only non-canonical Wnt signal transduction requires Dsh localization to
the membrane. In support of this, Park et al. showed that blocking Dsh membrane
localization in Xenopus by over-expressing a mitochondrial-anchored version of Dsh,
which binds endogenous Dsh molecules and miss-localizes them to mitochondria, only
affects non-canonical Wnt signalling (Park et al., 2005). In addition, it has been
demonstrated that mutations of Dsh that block its membrane localization specifically
impair PCP signalling in Drosophila (Axelrod, 2001) and convergent extension
movements in Xenopus (Wallingford et al., 2000), but do not influence canonical Wnt
signalling.
To support the idea that Wnt11/Fz7 accumulations represent local sites of non-
canonical Wnt11 activity we investigated if the intracellular signalling mediator Dsh is
locally recruited to the same location as the plasma membrane. Previous experiments
have demonstrated that over-expression of Fz7 re-localizes Dsh from the cytoplasm to
the plasma membrane. This Fz7 dependent re-localization of Dsh has been associated
with activation of non-canonical Wnt signalling and is an established assay for
investigating the involvement of other proteins in this process (Carreira-Barbosa et al.,
2003; Park and Moon, 2002). In our study, we demonstrated that Wnt11 induces local
accumulations of Fz7 at the plasma membrane which locally recruit Dsh to the plasma
membrane suggesting that those sites represent local sites of Wnt11 signalling. There is
evidence that this restricted signalling activity of Wnt11 might be crucial for proper
function. This is supported by the fact that over-expression of a membrane–anchored
version of Dsh disrupts convergent extension movements in Xenopus (Park et al.,
2005), probably through uniform signal activation. Moreover, we observed that cells
containing Wnt11/Fz7 accumulations do not show nuclear staining of β-Catenin, an
indicator for canonical Wnt activity, which supports the idea that local Wnt11/Fz7/Dsh
accumulations do not activate canonical Wnt signalling. We therefore propose that
Wnt11 accumulates together with Fz7 and Dsh at distinct sites of the plasma membrane
resulting in locally restricted activation of non-canonical Wnt11 signalling which might
be essential for proper Wnt11 function.
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3.3 Effect of local Wnt11 activity on cell behaviour
Previous studies demonstrated that loss of Wnt11/PCP function causes less directed
cell movement accompanied with  defective cell polarity during zebrafish gastrulation
(Jessen et al., 2002; Ulrich et al., 2003). This predicts that local Wnt11 activity in our
‘animal pole’ assay would modulate the  behaviour of cells. We therefore used live
time-lapse microscopy to investigate the cellular effects of local Wnt11 activity by
comparing the behaviour of cells containing Wnt11/Fz7 accumulations with control
cells expressing Fz7 or a membrane marker in the absence of Wnt11. We found that
Wnt11 modulates  cell separation behaviour by inducing local accumulations of Fz7 at
sites of cell-cell contacts lead to a increase in cell-cell contact persistency at those sites.
This conclusion is based on several observations we made. (1) Cells containing Wnt11-
induced Fz7 accumulations at their contact sites separated at later time-points or more
frequently did not separate compared to contacting control cells in the absence of
Wnt11. (2) Separating cells that display Fz7 accumulations at their cell-cell-contact
sites resolved their contacts latest at the position of Fz7 accumulations, even though
Fz7-accumulations initially only cover a part of the cell-cell contact. (3) During the
process of cell separation, the length cell contacts containing Fz7 accumulations was
shrinking significantly slower as  compared to cell-contacts of control cells. (4) The
presence of Fz7-accumulations at the site of cell contacts caused a significantly
stronger deformation of the plasma membrane towards the point of cell-cell contact
during the last phase of cell separation. These results demonstrate that Fz7
accumulations are more resistant to cell separation, suggesting that Wnt11 activity
modulates the separation behaviour of contacting cells by locally increasing their cell-
cell contact persistency.
One important issue was to address whether Wnt11-induced Fz7 accumulations are
the cause or consequence of increased cell-cell contact persistency. To distinguish
between these two possibilities we analysed cell-cell contacts containing Wnt11-
induced Fz7 accumulations and compared the shrinkage rate of the total length of cell-
cell contacts to the rate by which the Fz7 accumulations shrink. If Fz7 accumulations
are just an indirect consequence of Wnt11 signalling promoting adhesion in general,
the length of total cell-cell contact and the length of Fz7 accumulations should shrink at
a similar rate. If, on the other hand, Wnt11-induced Fz7 accumulations directly cause a
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local increase in cell-cell contact persistency, the initial rate by which Fz7
accumulations shrink should be lower compared to the shrinkage rate of the total length
of cell-cell contacts. We found that the initial shrinkage rate of Fz7 accumulations is
indeed lower than the rate by which total cell-cell contacts shrink, suggesting that
Wnt11-induced Fz7 accumulations are the direct cause of increased cell-cell contact
persistency. We therefore postulate that Wnt11-induced Fz7 accumulations represent
local domains of the cell-cell contact which displays higher adhesive properties.
A model proposing that Fz7 accumulations modulate cell-cell contact persistency
would predict that Fz7 accumulations are present on both sides of contacting plasma
membranes. To investigate if this is the case, we transplanted cells labelled with Fz7-
YFP into embryos expressing Fz7-CFP and Wnt11. Indeed, we found that at cell-cell
contact sites of one Fz7-CFP and one Fz7-YFP expressing cell both Fz7-CFP and Fz7-
YFP accumulate at the same location of the cell contact indicating that Fz7
accumulations form on both sides of contacting plasma membranes.
It is unlikely that Fz7 or Wnt11 molecules directly modulate cell-cell contact
persistency, because Fz receptors do not contain any known protein domains exerting
adhesive properties. We therefore assume that Wnt11-induced Fz7-accumulations
functionally interact with an adhesion molecule that locally increases cell-cell contact
persistency. A strong candidate is the atypical cadherin Flamingo (Fmi) because Fmi
has been identified as a key component of Fz/planar cell polarity (PCP) signalling in
Drosophila (Usui et al., 1999), where it localizes to proximal and distal cortices of
pupal wing cells. Miss-localization of Fmi results in defective polarization of these
cells along their proximal-distal axis. Interestingly, Fmi co-localizes with Fz and Dsh at
the distal cell cortex and is required for proper localization of Fz and Dsh (Axelrod,
2001; Shimada et al., 2001; Strutt, 2001), suggesting that these proteins form a ternary
complex which mediates  cell polarity in Drosophila. It has further been shown that in
vertebrates Fmi functionally interacts with Wnt11 in controlling convergent extension
movements during gastrulation (Formstone and Mason, 2005). Moreover, increased or
decreased levels of Fmi modulate adhesive properties of S2 cells in Drosophila as well
as in cell culture of dissociated zebrafish embryonic cells (Shima et al., 2004; Usui et
al., 1999); F.Carreira-Barbosa and M.Tada, unpublished results). Based on these data it
is likely that Fmi functionally interacts with Wnt11-induced Fz7 accumulations and
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promotes cell-adhesion at those sites.
Several findings give further support to this model. (1) All three proteins Fz7 and
Wnt11 and Fmi2-YFP are enriched and co-localize at the site of cell-cell contacts
indicating that they may function together in vertebrates using the same mechanism as
during PCP signalling in Drosophila. (2) Fmi2-YFP exerts adhesive properties in our
‘animal pole assay’, it  accumulates at sites of cell-cell contacts and leads to a dramatic
increase in cell adhesion as well as to slower separation dynamics as compared to
control cells. (3) Reducing endogenous Fmi activity also reduces the persistency of Fz7
accumulations. We therefore conclude that Fmi is locally enriched at sites of Wnt11-
induced Fz7 accumulations and locally increases cell-cell contact persistency at those
sites by interacting with Fz7 and Wnt11.
In addition to Fmi, another proto-cadherin, Paraxial Proto-Cadherin C (PAPC) has
previously been shown to genetically and physically interact with Fz7 in controlling
germ layer separation as well as convergent extension in Xenopus (Medina et al., 2004;
Unterseher et al., 2004). According to these data one would predict that Wnt11-induced
accumulations of Fz7 can locally recruit PAPC by direct binding of Fz7 and PAPC. We
therefore tested the sub-cellular distribution of PAPC in respect to Wnt11-induced Fz7
accumulations by expressing a Xenopus version of XPAPC tagged to GFP in our
‘animal pole assay’. We found that about half of Fz7 accumulations showed a local
enrichment of XPAPC-GFP whereas the other half of Fz7 accumulations do not display
stronger XPAPC-GFP signal. Compared to the co-localization between Fz7 and Fmi
accumulations the correlation between Fz7 and PAPC accumulations is less evident.
This indicates that in contrast to Fmi, PAPC might not be an essential component of
Wnt11/Fz7 accumulations suggesting that Fmi and PAPC might cooperate with
Wnt/PCP signalling through distinct mechanisms. An idea which is promoted by our
observations that Fmi is required for adhesive function of Wnt11/Fz7 accumulations,
whereas other studies in Xenopus suggest that PAPC, besides regulating cell adhesion,
also activates signalling mediators such as RhoA and JNK which in turn modulate actin
cytoskeleton (Medina et al., 2004; Unterseher et al., 2004). However, further
experiments, analysing endogenous localization and function of PAPC using specific
antibodies and morpholinos, will be needed to obtain more detailed insights into the
functional relationship of PAPC and Wnt11 signalling.
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Another player might be E-Cadherin which is the most abundant adhesion molecule
in gastrulating cells of zebrafish embryos. Cell culture experiments showed that the
trans-membrane molecule E-Cadherin stabilizes cell-cell contacts of neighbouring cells
through homophilic interaction of extra-cellular E-Cadherin domains and forming an
complex with α-Catenin and β-Catenin  which links the intracellular E-cadherin
domain to cortical actin cytoskeleton. Wnt11 has been implicated in regulating the
endocytosis of E-Cadherin and thereby modulating cell adhesion (Ulrich 2005). Indeed,
analysis of the distribution of E-Cadherin/Catenin complex in our ‘animal pole assay’
using antibody staining showed a significant reduction (about 20-25%) of E-
Cadherin/Catenin and Actin signal at sites of Wnt11 induced Fz7 accumulations. This
local reduction was also seen with E-Cadherin-GFP, confirming the observations using
antibody stainings. However, it is still unclear how Wnt11 mediates this local reduction
of E-Cadherin/Catenin complex at sites of Fz7 accumulation. It is possible that Wnt11
either locally induces E-Cadherin endocytosis at sites of Fz7 accumulation, or that
Wnt11 increases the turn over rate of E-Cadherin in general while E-Cadherin is less
efficiently recycled back to the plasma membrane at sites of Fz7 accumulation.
Therefore, further experiments blocking endocytosis or recycling in cells containing
Fz7 accumulations will be needed to determine whether this local reduction of E-
Cadherin depends on endocytosis.
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3.4 Endogenous relevance for Wnt11/Fz7 accumulations
Questions remain as to the endogenous role of Wnt11-induced Fz7 accumulations
for cells undergoing gastrulation movements. We found that under endogenous Fz7
conditions secreted Wnt11 signal accumulated in ‘puncta’ at the plasma membrane and
locally recruited the intra-cellular mediator Dsh. This suggests that endogenous Fz7
accumulates together with Wnt11 and Dsh at those sites which might be reminiscent to
Wnt11-induced accumulations of exogenous Fz7 observed in our ‘animal pole assay’.
Moreover, we found that the amount of Dsh ‘puncta’ to the plasma membrane depends
on the activity of endogenous Wnt11, indicating that those Dsh ‘puncta’ at the plasma
membrane reflect endogenous Wnt11 and Fz7 signalling activity.
We furthermore demonstrated that Wnt11/Dsh 'puncta' at the plasma membrane of
gastrulating cells share several properties with Wnt11 induced Fz7 accumulations
within our ‘animal pole assay’: (1) Wnt11/Dsh 'puncta' also localize to both sides of
contacting plasma membranes, (2) they demarcate the last point of cell-cell contact and
(3) they locally increase cell-cell contact persistency. These data clearly indicate that
Wnt11 locally regulates cell-cell contact persistency in gastrulating cells that express
endogenous levels of Fz7. In addition, we identified the embryonic region of
endogenous Wnt11 signalling activity by using the presence of Dsh ‘puncta’ at the
plasma membrane as an indirect readout for Wnt activity. We compared the amount of
Dsh ‘puncta’ at the plasma membrane of wt cells versus slb/wnt11 mutant cells within
the germ ring margin of early gastrula stage embryos (6hpf). Although endogenous
Wnt11 is only expressed in ectodermal cells of the germ ring margin throughout
gastrulation, we found that both ectodermal and mesendodermal cells show
endogenous Wnt11 activity. This demonstrates that endogenous Wnt11 functions cell-
autonomously on signal producing ectodermal cells as well as cell-non-autonomously
on signal receiving mesendodermal cells of the germ ring margin. Wnt11 has
previously been shown to control cell polarization and migration by signalling through
RhoA and Rok2, which are implied in modulating the actin cytoskeleton (Marlow et
al., 2002; Zhu et al., 2006). Our study provides evidence that Wnt11, besides regulating
cytoskeletal rearrangements through the downstream signalling components RhoA and
Rok2, also directly modulates local cell-cell contact persistency by interacting with Fz7
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and Fmi at the plasma membrane. This indicate that Wnt11 regulates cell-cell contact
persistency independently of RhoA/Rok2 function, implying that this is a novel
function of Wnt11 signalling.
How do our findings correlate with the endogenous Wnt11 signalling?
Phenotypical analysis of wnt11/slb mutant embryos revealed that endogenous Wnt11
function is required for coherent cell migration of involuting axial hypoblast cells
(prechordal plate progenitors) (Ulrich et al., 2003; Ulrich et al., 2005). The findings of
this study provides molecular and cellular insight into the mechanism of how Wnt11
regulates cell behaviour. We visualized endogenous Wnt11 activity in the germ ring
margin of early gastrula-stage embryos (6hpf) and demonstrated that endogenous
Wnt11 is active in epiblast cells expressing Wnt11 and in underlying hypoblast cells
which receive Wnt11 signal.
Based on our findings we propose the following model: Wnt11 locally interacts
with Fz7 and Fmi at sites of cell-cell contacts, which promotes cell-cell contact
persistency in both epiblast and hypoblast cells of the germ ring margin. In this way
Wnt11 activity locally increases cell adhesion, which might contribute to the structural
integrity of epiblast and hypoblast (prechordal plate) tissue. This model would predict
that slb/wnt11 mutant cells within epiblast or hypoblast germ layer stay less time in
contact as compared to wild-type cells, which would indicate the requirement of Wnt11
in coherent cell migration in vivo. Consistent with this model previous observations in
zebrafish showed that hypoblast cells are less adhesive in slb/wnt11 mutant cells in cell
culture and migrate less coordinated towards the animal pole within gastrulating
embryos (Ulrich et al., 2003; Ulrich et al., 2005). While we determined that
endogenous Wnt11 signalling is active in both epiblast and hypoblast cells, evidence so
far implicate that Wnt11 only mediates coherent migration in involuting hypoblast cells
(Ulrich et al., 2003; Ulrich et al., 2005) Therefore it will be interesting to determine
whether epiblast cells of slb/wnt11 mutant embryos exhibit reduced contact times
compared to wild-type embryos, which would suggest that Wnt11 also facilitates
coherency in epiblast cells.
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Wnt11 function in the context of current research
3.5 A model for Wnt11 function in gastrulation
The picture of Wnt11 signalling during vertebrate gastrulation has become more
and more complex over the last few years, thanks to detailed examinations of
morphogenetic defects in cell behaviour of slb/wnt11 mutant embryos as well as
functional analysis of downstream signalling components of Wnt11 pathway and their
impact in facilitating morphogenesis.
It has only quite recently been shown that Wnt11, in addition to its role in
regulating convergent extension movements during late gastrulation, it also coordinates
directed cell movement at the onset of gastrulation (Ulrich et al., 2003; Ulrich et al.,
2005). During early gastrulation Wnt11, expressed in ectodermal cells, appears to
control several aspects of cell behaviour allowing involuting axial mesendodermal cells
(prechordal plate progenitors) to efficiently migrate towards the animal pole along
overlaying ectodermal cells.
First of all, Wnt11 coordinates directed migration of individual prechordal plate
cells (axial mesendodermal cells) towards the animal pole by organizing them into a
coherent sheet of cells (Ulrich et al., 2005)(Fig3.3A). This synchronisation of cell
movement is reflected in aligned movement tracks of individual cells in one direction
as well as in polarized orientation of cellular processes towards the animal pole
(Fig3.3B). Based on the findings of this study we propose that Wnt11 facilitates
coherent cell migration through local activity of Wnt11/Fz7 and Fmi at sites of cell-cell
contacts which locally increase cell adhesion at those sites (Fig3.3C). Wnt11 mediated
local modulation of cell-cell contact persistency might be sufficient to coordinate cell
movement while still allowing flexibility of cells to exchange their neighbouring cells
while moving, which is required for efficient cell migration. In addition, the
stabilization of cell-cell contacts might also be a mechanism to direct the orientation of
cellular protrusions, as the formation of cell protrusions might be inhibited at sites of
cell-cell contacts facilitating cellular processes formation toward the cell free space in
direction of the animal pole. The formation of cellular processes towards the direction
of movement might be regulated by downstream signalling through small GTPases
RhoA and Rok2 facilitating cytoskeletal rearrangements.
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Figure 3.3   Model for Wnt11 function in mediating directed migration of involuting
prechordal plate progenitors
(A) Schematic drawing illustrating the process of directed migration; the drawing shows an embryo in a
dorsal view, at the onset of gastrulation (6hpf); prechordal plate precursor cells (red) involute at the germ
ring margin and migrate in a directed fashion towards the animal pole (arrow); the drawing was modified
after (Kimmel et al., 1995) (B) the defected behaviour of prechordal plate precursor cells in slb/wnt11
mutants (right) compared to wildtype embryos (left) at the early gastrula stages (6hpf); upper panels
show exemplary track diagrams of cells at the leading edge of the prechordal plate; panels were adopted
from (Ulrich et al., 2005); lower panel show polar plots of the outgrowth position of pseudopodial
processes relative to the centre of the cell and normalized to the individual movement direction (black
arrows); panels were adopted from (Ulrich et al., 2003). Note that in slb/wnt11 mutant embryos,
prechordal plate progenitors show defects in directed  migration and in the orientation of cellular
processes towards the direction of cell movement. (C) schematic drawing of the model for Wnt11
function in this process based on the observations of this study. Wnt11 locally accumulates together with
its receptor Fz7 at sites of cell-cell contacts and thereby locally interacts with the atypical cadherin
Flamingo (Fmi), This leads to local Wnt11 activity (blue circle) leads to a local increase cell-cell contact
persistency, which in turn facilitates coherent and directed migration of prechordal plate progenitors (red
arrow). In addition, this Wnt11- mediated persistency of cell-cell contacts might restrict the formation of
cellular processes towards the free space in direction of the animal pole and thereby regulate the
orientation of cell-processes.
In addition, prechordal plate cells need to dynamically build and break cell-cell
contacts as they crawl along the overlaying ectodermal cells, which move the in
opposite direction (Fig3.4A). The importance for cell contact remodelling is seen in
wnt11/slb mutant embryos, in which mesendodermal cells often fail to break cell
contacts with ectodermal cells and appear to get dragged with these cells towards the
vegetal pole instead of moving in the opposite direction (Fig3.4B). In general migrating
cells need to exchange their neighbouring cells as they migrate (Lauffenburger and
Horwitz, 1996). This dynamic exchange of contacting cells requires dynamic
modulation of cell adhesion, which is presumably achieved by endocytosis and
recycling of adhesion molecules (Le et al., 1999). Recent findings in zebrafish indicate
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that Wnt11 indeed regulates E-Cadherin endocytosis through Rab5 function, a key
component in regulating vesicular trafficking (Ulrich 2005). Based on these results,
one could propose that Wnt11 promotes dynamic cell-cell contact remodelling by
increasing endocytosis of E-Cadherin, which allows efficient migration of
mesendodermal cells along ectodermal cells (Fig3.4C).
Figure 3.4   Model for Wnt11 function in mediating dynamic migration of mesendodermal cells
along overlaying ectoderm
(A) Schematic drawing of the lateral view of the shield region of an embryo at early (upper panel) and
mid-gastrula stage (lower panel), showing the interaction between epiblast (green) and hypoblast (red)
during the process of involution; Epiblast cells undergo epiboly and move towards the vegetal pole
(arrow); involuting hypoblast cells (red) migrate towards the animal pole (arrow; anterior migration)
using the overlying epiblast cells as a substrate; Enveloping layer (EVL; blue); Yolk syncytial layer
(YSL); This drawings were modified after (Montero and Heisenberg, 2004) (B) lateral views of the
shield region of a wildtype (left) and a slb/wnt11 mutant embryo (right); the images show two time-
points out of one time-lapse confocal movie of a one wildtype and one slb/wnt11 mutant embryo
expressing a mixture of cytosolic- and membrane-bound GFP to label the cells; upper panels
corresponds to the first time-point of the movie (60% epiboly); lower panels shows the same embryos
after 90min. One exemplary epiblast cell (green) and hypoblast cell (red) was labelled for each movie
and their translocation within the time-span of 90min is shown in the lower panels; the arrows mark the
movement direction of these cells. Note that whereas in wild-type (right) the hypoblast cell moved in the
opposite direction, in slb/wnt11 mutant embryos hypoblast cells often move together with the overlying
epiblast cells in the same direction. This phenotype can be explained by a defect in cell-contact
remodelling between epiblast and hypoblast cells; panels were modified after (Ulrich et al., 2005) (C)
Schematic drawing showing the current model of cell contact remodelling mediated by Wnt11 function.
The upper panel illustrates that a hypoblast cell (H; red) constantly assembles and disassembles cell-
contact with overlying epiblast cells (E; green) while it crawls along the epiblast in the opposite
direction. The lower panel illustrates how Wnt11 drives cell-contact remodelling by resolving cell
contacts, stabilized by the interaction of E-Cadherin (lila), through induced endocytosis of E-Cadherin
molecules. E-Cadherin molecules may be recycled back to the plasma-membrane, where they participate
in the assembly of a new cell contact. This model is based on the data of (Ulrich et al., 2005)
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 Moreover, Wnt11 function is required for tissue separation as wnt11/slb mutant
embryos show defects in the separation of ectodermal from mesendodermal germ layer
at early gastrulation stages suggesting that Wnt11 plays a role this process (Ulrich
2003). Data from Xenopus indicate that tissue separation is independent of Wnt11
activity and only dependents on the interaction of Fz7 with the atypical adhesion
molecule PAPC (paraxial Proto-Cadherin C), which is only expressed in
mesendodermal cells (Wallingford et al., 2000), (Medina et al., 2004; Unterseher et al.,
2004). Further studies are needed to dissect the relationship between PAPC, Fz7 and
Wnt11 in the context of tissue separation during zebrafish gastrulation.
Besides its function at the onset of gastrulation, Wnt11 also controls convergent
and extension movements during late gastrula stages, which involve multiple
movement processes. Both, the migration of ectodermal and mesendodermal cells at
lateral positions toward the dorsal side of the embryos and the intercalation of dorsal
cells between each other contribute to medio-lateral narrowing (convergence) and
anterior posterior elongation (extension) of the body axis in zebrafish. Knock down of
non-canonical Wnt signalling components such as the co-receptor Knypek, the ligands
Wnt11, Wnt5A and other PCP components such as Stbm as well as intracellular
mediators such as Dsh or Rok2 impair these convergence and extension movements,
which results in a shorter and wider body axis (Heisenberg et al., 2000; Jessen et al.,
2002; Kilian et al., 2003; Marlow et al., 2002; Topczewski et al., 2001). Detailed
phenotypical analysis of zebrafish embryos mutant for Wnt11 pathway components
revealed that Wnt11 signalling facilitates directed migration of lateral cells as well as
the medio-lateral elongated shape of dorsal cells, which promotes cell intercalation
along the medio-lateral axis (Heisenberg et al., 2000; Marlow et al., 2002; Topczewski
et al., 2001). While detailed mechanisms of how Wnt11 induces bipolar cell shape of
dorsal cells is unclear, the requirement of Rok2 function for cell polarization implies
that cytoskeletal rearrangements play a role in this process. Rok2 might also promote
the formation of protrusions, which are important for both, efficient dorsal migration
and for cell intercalation as suggested in Xenopus (Wallingford et al., 2000).
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Recent studies in Xenopus identified the trans-membrane heparan sulphate proteo-
glycan (HSPG) Syndecan4 as a new player regulating convergent extension
movements. Syndecan4 physically interacts with Fz7 and Dsh and promotes the
recruitment of Dsh to the plasma membrane when it is bound to Fibronectin (Munoz et
al., 2006). Interestingly, it was shown that Syndecan4 is needed for the formation of
focal adhesion points (reviewed in (Woods and Couchman, 2001)). Consistent with
this, cell culture experiments demonstrated that Dsh and Fz co-localize with focal
adhesion components at the plasma membrane of cultured cells (Wiggan and Hamel,
2002a). This leads to the interesting hypothesis that non-canonical Wnt signalling
promotes cell migration by regulating the stability of focal adhesion points between
cells and the extra-cellular matrix suggested by (Wiggan and Hamel, 2002b). Future
experiments addressing the localization and function of Syndecan4 and focal adhesion
components in respect to local Wnt11 activity will provide insight into the role of non-
canonical Wnt signalling in regulating focal adhesions in the context of convergence
and extension movements.
Wnt11 signalling has also been implicated in coordinating the orientation of cell
divisions of dorsal ectodermal cells along the embryonic axis during zebrafish
gastrulation which might contribute to the extension of the body axis (Gong et al.,
2004). Consistent with this, non-canonical Wnt/PCP signalling in C.elegans has been
shown to regulate oriented cell division (Goldstein et al., 2006), although the precise
mechanism is still unclear. It will be interesting to address whether there is a
correlation between the orientation of the mitotic spindle and local sites Wnt11
signalling marked by Wnt11/Fz7 accumulations at the plasma membrane. In addition,
it will be exiting to determine the downstream components which convert the polarity
signal of Wnt/PCP pathway into the orientation of the mitotic spindle.
Moreover, Wnt11 appears to promote coherent migration of individual cells in
several regions of the embryo. A recent study showed that Wnt11 also applies this
principle to connect cells with the same cell fate during morphogenetic rearrangements
occurring during gastrulation (Cavodeassi et al., 2005). This study demonstrates that
Wnt11 facilitates the maintenance of the eye-field, a region of cells committed to form
the eyes. In this context, Wnt11 is expressed in adjacent cells of the eye field and
signals through the Fz5 receptor, which is exclusively expressed within the eye-field
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territory (Cavodeassi et al., 2005). Therefore, Wnt11 signalling is selectively activated
within the eye-field and increases cell adhesion between eye-field cells, which
separates them from surrounding cells of different cell fates allowing coherent
migration of the eye-field territory. In addition, Wnt11 indirectly promotes cell fate
identity by antagonizing canonical Wnt11 signalling which is active cells surrounding
the eye field (Cavodeassi et al., 2005). Thus, non-canonical Wnt signalling can regulate
the integrity of cell fate domains during morphogenetic rearrangements occurring
during gastrulation, which is crucial for correct positioning of those domains within the
embryo.
It is still controversial whether Wnt11 functions instructively or permissively in
regulating cell behaviour. The observation that ubiquitous expression of Wnt11 in
slb/wnt11 mutant embryos is able to rescue their morphogenetic defects in directed cell
migration (Heisenberg et al., 2000; Ulrich et al., 2003) would favour a permissive role
of Wnt11 signalling. Therefore, the spatial restricted expression of the Frizzled
receptor rather than the expression pattern of Wnt11 itself might define the cells
corresponding to Wnt11 signal. This idea is consistent with the experiments mentioned
above, where the restricted expression of Fz5 within the eye-field territory defines the
region of Wnt11 activity (Cavodeassi et al., 2005). In addition, our data suggests that at
early gastrula stages Wnt11 functions both cell-autonomously on epiblast cells
expressing wnt11 as well as cell-non autonomously on hypoblast cells that do not
express wnt11 by themselves.
 Taken together, Wnt11 is involved in various processes during gastrulation,
including coherent and directed cell migration, dynamic cell contact remodelling, tissue
separation, polarized cell morphology, medio-lateral cell intercalation, oriented cell
division, as well as the integrity of cell fate domains. Wnt11 facilitates these processes
by activation of context specific effectors such as Fmi, RhoA/Rok2, Rab5, and other
not yet identified components. It will be interesting to identify such components and to
investigate the mechanism by which they mediate the specific cellular response to
Wnt11 signalling.
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3.6 Wnt/PCP pathway in Drosophila and vertebrates
Our finding that Fz7 accumulates together with Dsh and Fmi2 at distinct sites of the
plasma membrane is reminiscent of the situation in Drosophila, where PCP signalling
components, including Fz, Dsh and Fmi, must be asymmetrically distributed at the
plasma membrane in order to polarize cells (reviewed in (Adler, 2002)). Considering
that Wnt11 functionally interacts with several PCP signalling components (reviewed in
(Veeman et al., 2003a)), it is tempting to speculate that the sub-cellular distribution of
PCP components have similar functions in Drosophila and zebrafish. While this is an
attractive hypothesis, both organisms show several differences in the  sub-cellular
localization and function of PCP components. First of all, while Wnt11 induces the
accumulation of Fz and Dsh in zebrafish, no Wnt ligands with similar functions have
yet been identified in Drosophila. Furthermore, while in zebrafish, Fz, Dsh and Fmi2
co-localize at cell-cell contacts on both sides of the contacting plasma membranes, in
Drosophila Fmi, but not Fz and Dsh, is found on both sides. Additionally, whereas
Drosophila Fz and Stbm localize exclusively to opposite sides of the cell membrane,
we found that the intensity of Stbm-HA at the plasma membrane was slightly increased
at sites of Wnt11-induced Fz7 accumulation in our ‘animal pole assay’. However, this
increase was mild and therefore the biological significance of this observation remains
to be established. Moreover, Pk as been implicated in antagonizing Fz7/Dsh complex
formation in both Drosophila and zebrafish. More experiments addressing the
distribution of endogenous proteins are needed to understand the functional
relationship between Wnt11, Fz7, Pk and Stbm in zebrafish. However, recent studies in
mouse investigating the role of PCP signalling in regulating polarity of sensory
epithelium demonstrated that Fz3 and Vangl2, a Stbm/Vang like protein, physically
interact and localize to the same membrane sites. These findings suggest that in
vertebrates PCP components can interact and function using alternative mechanisms
that differ from Drosophila PCP signalling.
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Despite these differences, Fmi might serve as a common effector molecule for PCP
signalling in both Drosophila and vertebrates by recruiting other PCP components to
specific sites of the plasma membrane. This notion is supported by our observation that
in zebrafish, Fmi locally accumulates Fz7 independently of Wnt11. This suggests that
Fmi might determine sites of local Wnt11 activity at the plasma membrane by locally
accumulating Fz7. Consistent with this, rescue experiments in zebrafish show that
ubiquitous expression of Wnt11 is able to restore the defect in directed cell migration
in slb/wnt11 mutant embryos, indicating that Wnt11 is only permissively required to
activate downstream signalling through Fz7 (Heisenberg et al., 2000; Ulrich et al.,
2003). This promotes the hypothesis that the site of Wnt11 activation might be
determined by Fmi and Fz7 localization rather than by Wnt11 itself.
Recent studies in both Drosophila and zebrafish have proposed that Wnt/Fz PCP
signalling regulates the rearrangement of cell-contacts through E-Cadherin
endocytosis/recycling (Classen et al., 2005; Ulrich et al., 2005). In Drosophila wing
epithelia cells, Fz/PCP signalling, despite its late function in maintaining tissue polarity
resulting oriented wing hairs, also exerts an early function in controlling E-Cadherin
recycling required for the organization of epithelia cells into a hexagonal array
(Classen et al., 2005). This process is termed hexagonal cell packing and involves
coordinated remodelling of cell-contacts which allows cells to adopt hexagonal cell
shapes and symmetric alignment. During this process, PCP components localize
asymmetrically to either distal or proximal cell cortices and appear to regulate
polarized recycling of junctional membrane material which promotes remodelling of
cell-cell contacts (Classen et al., 2005; Ulrich et al., 2005). Similarly in zebrafish, E-
cadherin endocytosis and/or recycling may be one way by which Wnt11 controls
efficient migration of hypoblast cells along overlying epiblast cells involving constant
exchange of neighbouring cells (Ulrich et al., 2005). Therefore E-Cadherin
endocytosis/recycling might represent a common mechanism by which Wnt/Fz-PCP
signalling globally regulates cell contact remodelling in Drosophila and zebrafish.
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Based on our observations, we propose that in zebrafish embryos Wnt11 locally
controls cell adhesion by interacting with Fz7, Fmi and Dsh at cell-cell contact sites
leading coherent and coordinated cell migration of hypoblast cells in one direction. In
Drosophila, the process of junctional remodelling in establishing hexagonal cell shapes
goes along with a transition from regional polarity to coherent polarity within the
whole tissue. Based on the findings in Drosophila that Fmi is required for proper tissue
polarization as well as regulating E-Cadherin recycling (Classen et al., 2005; Ulrich et
al., 2005) it is tempting to speculate that Fmi containing cell boundaries are selectively
stabilized during junctional remodelling, which coordinates the local cell polarity of
neighbouring cells resulting in coherent polarity across the tissue. We propose that the
induction of cell-cell contact rearrangements through endocytosis/recycling of E-
Cadherin combined with selective stabilization of cell-cell contacts might be a common
mechanism by which Wnt/PCP signalling mediates coherent polarity/migration within
in zebrafish and Drosophila.
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Conclusion
We have established an in vivo assay for non-canonical Wnt11 signalling in
zebrafish, allowing us to determine the direct effect of Wnt11 activity on cell
behaviour. We provide evidence that Wnt11, besides its function in modulating
cytoskeleton, also regulates cell adhesion by locally controlling cell-cell contact
persistency through local interaction with Fz7 and Fmi at the site of cell-cell contacts.
Our data indicates, that Wnt11 function on cell-cell contact persistency is independent
of downstream effectors RhoA and Rok2, which modulate actin cytoskeleton. We
propose that Wnt11 function induces the formation of stable cell-cell contacts which
facilitates coordinated and directed migration of individual cells by organizing them
into a coherent cell sheet. Wnt11 has also been shown to activate endocytosis/recycling
of E-Cadherin and thereby promoting dynamic exchange of cell-cell contacts, which is
required for efficient cell movement (Ulrich et al., 2005). It is therefore an attractive
hypothesis that Wnt11 mediates both cell-contact remodelling providing flexibility as
well as selective stabilization of cell-contacts allowing coherent cell movement. This
mechanism might be reminiscent to the early function of PCP signalling in Drosophila,
promoting junctional remodelling required for establishment of hexagonal cell shapes
along with coordinated long-range tissue polarity of wing epithelium.
Wnt11 is involved in various processes during gastrulation, including coherent and
directed cell migration, dynamic cell contact remodelling, tissue separation, polarized
cell morphology, medio-lateral cell intercalation and oriented cell division. It will be
interesting to investigate the downstream mediators of Wnt11 signalling in these
processes in order to understand how local Wnt11 activity is translated into various
cellular responses. Moreover, it will be exiting to visualize the localization of
endogenous PCP components within in cells undergoing medio-lateral intercalation
movements in order to correlate their sub-cellular localization with the bipolar
morphology of these cells.
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4 Materials and Methods
Materials
Fish strains
Zebrafish; Danio rerio
The wild-type strains used within the laboratory are Tü, (Tübingen); TL (Tup long fin);
AB; gol*; wik (wild-type India Klein).
Mutant name gene allele reference
silberblick wnt11 slb/wnt11tx226 (Heisenberg et al., 2000)
Technical equipment
Injection gadget:
     Micro-injector PV820 and Pico-Pump with foot pedal trigger from
World Precision Instruments (WPI)
Magnet-holder Kanetec MB-B
Micromanipulator Narishige MV-151
Micro-pipette-holder MN-151; World Precision Instruments
Glass capillary Harward GC100F-15 outer/inner diameter
1mm/0.58mm
Microscopes
Dissecting microscopes Leica MZ 125; Leica MZFIII with UV-lamp
Confocal microscopes Leica TCS-SP2; Zeiss LSM 405/594nm; 
Zeiss-LSM-META; Bio-Rad-Radiance 2000
Transplantation gadget
Micromanipulator Narishige MN-151; Narishige MO-155
Magnet-holder Kanetec MB-B
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Ball-joint-holder World Precision Instruments
Pipette holder MPH3; World Precision Instruments
Glass capillary Harward GC120F-10 
outer/inner diameter 1.2mm/0.69mm
Plastic syringe (1ml) for generating positive and negative air pressure
plastic PE-tubing connecting the syringe and the pipette holder by two
blunt ended and sanded needles
Materials
Glass rings Fisher scientific MNK-145-030K
Silicone grease Beckmann
Tungsten wire (TGW) Clark Electromedical Instruments TW10-3 and WPI
TGW1510
 Software
Microsoft Word, Excel, Power-point
Adobe Photoshop, Acrobat reader,  Illustrator
Endnote; JmageJ; Volocity (Improvision, UK); McVector
Chemicals
All chemicals, if not noted otherwise, where purchased from Applichem, Merck,
Roth and Sigma. Agarose was purchased from Pharmacia, while Low melting point
(LMP) agarose was purchased from Invitrogen.
Chemicals and solutions
blocking solution antibody 10% heat inactivated goat serum; 1% DMSO;
0.1%Triton; 0.1% Tween20 in PBS
BM purple Roche
DIG block 2% blocking reagent (Roche) dissolved in MABT
E2 embryo media 15mM NaCl; 0.5mM KCl; 2.7mM CaCl2; 1mM
MgSO4; 0.7mM NaHCO3; 10mM Hepes; pH6.5
E3 embryo media 5mM NaCl; 0.17mM KCl; 0.33mM CaCl2 x2H2O;
0.33mM MgSO4 x7H2O; Methylene blue pH6.5
Hyb+ Solution 50% deionized formamid; 5x SSC pH 6.0; 0.1%
Tween20; 0.5mg/ml Torula (yeast) RNA; 50µg/ml
heparin
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MAB: 150 mM NaCl, 100 mM maleic acid, pH 7.5
MABT 0.1% Tween20 in MAB
NGS (normal goat serum) Invitrogen
PBS 1.7mM KH2PO4; 5.2mM Na2HPO4; 150mM NaCl
PBST 0.1% Tween20 in PBS
PBSTT 0.1% Tween20; 0.1% TritonX100 in PBS
PBT 0.1% Tween20 in PBS
PFA 4% paraformaldehyde in 100mM PBS pH 7.4
Rhodamine phalloidin Molecular Probes
SSC (20x): 300 mM NaCl, 300 mM Na-citrate, pH 7.0
SSCT  0.1% Tween20 in SSC
Torula (yeast) RNA Sigma
Molecular biological reagents
All used restriction enzymes were purchased from New England Biolabs (NEB).
The used polymerases (Pfu and Taq), DNA ladder (mass ruler; ready to use) and  RNA
ladder were purchased from MBI-Fermentas.
Molecular biological kits used
  Name of the Kit          Company      Application
    Ligation kit      Takara         Ligation of DNA fragments
   Message Machine kit     Ambion Synthesis of mRNA for Injection
     Mini/Midi-prep Kit     Qiagen small/big scale purification of plasmid DNA
from bacteria cultures
   PCR purification kit    Qiagen purification of PCR products
   TOPO-Cloning Kit    Invitrogen Sub-cloning of DNA fragments
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Plasmids and constructs
Plasmids for mRNA synthesis for injection into zebrafish embryos in pCS2+vectors
Name of plasmid Gene Source
E-Cadherin GFP-pCS2+ E-Cadherin dog James Nelson, Stanford University
School of Medicine, Stanford USA
(Yamada et al., 2005)
Fgf8-R-RFP-pCS2+ fgf8-receptor Maria Kolanczyk MPI-CBG Dresden
Fmi2-vYFP-pCS2+ flamingo2 Masazumi Tada; UCL London UK
Fz7a-CFP-pCS2+ frizzled7a Constructed myself
Fz7a-pCS2+ frizzled7a Constructed myself
Fz7a-RFP-pCS2+ frizzled7a Laurel Rhode
Fz7a-vYFP-pCS2+ frizzled7a Constructed myself
Fz7b-CFP-pCS2+ frizzled7b Constructed myself
Fz7b-pCS2+ frizzled7a Constructed myself
Fz7b-RFP-pCS2+ frizzled7b Laurel Rhode; MPI-CBG; Dresden
Fz7b-vYFP-pCS2+ frizzled7b Constructed myself
Kny-Flag-pCS2+ knypek L. Solnica-Krezel; Department of
Biological Science, Nashville, USA
Lyn-CFP-pCS2+ Lyn-tag Masazumi Tada; UCL London UK
Lyn-vYFP-pCS2+ Lyn-tag Masazumi Tada; UCL London UK
Mem-RFP-pCS2+ GPI-anchor tag Arndt Siekmann MPI-CBG Dresden
PAPC-GFP-pCS2+ Xenopus PAPC Alexandra Schambony University of
Karlsruhe, Karlsruhe, Germany
Stbm-HA-pCS2+ strabismus Masazumi Tada; UCL; London
Stbm-YFP-pCS2+ strabismus Masazumi Tada; UCL; London
Slb/wnt11-pCS2+ slb/wnt11 tx226 Masazumi Tada; UCL; London
mutant allele (Heisenberg et al., 2000)
Wnt11-pCS2+ wnt11 Masazumi Tada; UCL; London
Wnt11-CFP-pCS2+ wnt11 Constructed myself
Wnt11-YFP-pCS2+ wnt11 Constructed myself
XDsh-CFP-pCS2+ Xenopus Dsh Constructed myself
      XDsh-vYFP-pCS2+ XenopusDsh    Constructed myself
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Cloning vectors
Plasmid Name  Applications Source
PC2+ empty expression vector commercial
TopoII-Vector vector for sub-cloning Topo cloning kit
of PCR fragments Invitrogen
Cerulian CFP cerCFP for C-terminal fusions Constructed myself
ECFP eCFP for C-terminal fusions Constructed myself
Monomeric RFP RFP for C-terminal fusions Laurel Rhode
venusYFP vYFP for C-terminal fusions Constructed myself
Plasmids for anti sense riboprobes
Name Gene Plasmid Source
Dlx3 dlx3 pBluescript Steve Wilson, UCL London UK
Hgg hgg1 pBluescript Steve Wilson, UCL London UK
Ntl nt1 pBluescript Steve Wilson, UCL London UK
Wnt11 wnt11 pBluescript Masazumi Tada, UCL London UK
Fz7a frizzled7a pBluescript (El-Messaoudi and Renucci, 2001)
Fz7b frizzled7b pBluescript Constructed myself
Morpholino oligonucleotides
Morpholino oligonucleotides were designed according to Gene Tools targeting
guidelines and synthesized by Gene Tools (Gene Tools, Philomath, OR). Morpholinos
targeted against zebrafish fmi1a/b and 2 were kindly provided by Masazumi Tada at
UCL, London, UK.
Table 4.2 Morpholinos used for the experiments
Name Target site Sequence
RhoAb-MO  rhoAb-5’coding sequence 5’-AGCTTCTTACGGATAGCTGCCAT-3’
RhoAd-MO rhoAd-5’coding sequence 5’-TCTTGCGAATTGCTGCCATATTTGC-3’
Fmi1a-MO Fmi1a-5’coding sequence 5’-CATGGTGTAAAACTCCGCAAACAGG-3’
Fmi1b-MO Fmi1b-5’coding sequence 5’-CATCCATATCACTGGTAATTCCATG-3’
Fmi2-MO Fmi2-5’coding sequence 5’-CAAAGAGCAACAAATCCCCCTTCAT-3’
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Antibodies
Name Type Host Source
Cat. number
(clone)
Working
dilution
anti-α-Catenin polyclonal rabbit Sigma C2081 1:1000
anti-β-Catenin monoclonal mouse Sigma
C7207
(15B6)
1:1000
anti-E-Cadherin polyclonal rabbit
(Babb and Marrs,
2004)
1:1000
anti-Pan-
Cadherin polyclonal rabbit Sigma C3678 1:1000
anti-HA monoclonal rat Roche
   1867423
     (3F10) 
1:1000
Alexa Fluor 633
anti-rat-IgG
polyclonal goat Molecular Probes    A-21094 1:1000
Cy5-conjugated
anti-rabbit-IgG
polyclonal Goat
Jackson Immuno-
Research
111-175-003 1:1000
Cy5-conjugated
anti-mouse-IgG
polyclonal Goat
Jackson Immuno-
Research
115-175-003 1:1000
anti-DIG
antibody
Roche Diagnostics,
Table 4.1  Antibodies used for experiments
Antibodies were used for whole mount antibody staining of fixed zebrafish embryos and where diluted
according to the working dilutions listed in the tables. Anti-DIG antibody was used for in situ
hybridisation.
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Methods
4.1  Embryo staging and maintenance
Fish maintenance and embryo collection was carried out as described (Westerfield,
2000). Embryos were raised in E3 media at 31ºC and staged according to
morphological criteria as shown in Fig.6.1 of appendix section; described by (Kimmel
et al., 1995).
4.2 Injection of mRNA and Morpholinos into embryos
Preparation of the injection needle
The injection needles were prepared from glass capillaries containing an internal
filament, which allowed back-filling. The desired shape of the needle was gained using
the needle puller (Flaming/brown P87 Sutter Instruments). Stock mRNA solutions with
a concentration of 1µg/µl were stored at –20ºC or –80ºC. To prepare the mRNA
dilution for injection, these stock mRNA was thawed on ice and a dilution was
prepared on ice using RNase-free water. Then, the injection needle was loaded with 2µl
mRNA dilution and put into the micropipette holder, which was mounted on the micro-
manipulator. The micropipette holder was connected with the pneumatic pico pump
PV820. The amount of injected mRNA was estimated from the concentration and the
volume of a spherical drop of injected mRNA solution. The drop size was calibrated to
a diameter of 100µm, by varying the pulse duration of the pressure and measuring the
drop-size by injecting into air, close to a scale bar. The loaded injection needles were
kept in a humid box on ice.
Injection of mRNA
For injection, one cell-stage embryos, stored in E3 media, were lined up on the
edge of slide placed into the lid of a Petri-dish. The remaining liquid was removed and
therefore the slide adhered on the Petri-dish via capillary force and the embryos were
stably positioned at the edge of the slide (about 75 embryos per slide). A defined drop
size (see above) was injected into the forming first cell of the embryo through the
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chorion. For injection of a concentration series, either one or two drops were injected
using the same needle. The description of mRNA amounts used for each experiment an
can be found in the figure legends. Mosaic injections were performed by injecting a
drop of a diameter of 50µm into one cell of an 16 to 32 cell stage embryo. After
injection, the embryos were placed into E3 media and incubated at 31ºC.
Injection of Morpholinos
Prior injection, morpholinos were incubated for 10min at 65ºC to dissolve
precipitations followed by 5min of centrifugation. During the injection procedure, the
morpholino and the injection needle was kept at room temparature to prevent
precipitation.
To knock down RhoA function, we injected one-cell-stage embryos with a mix of
8ng of morpholino oligonucleotides (MO) directed against the zebrafish rhoAb and
rhoAd genes, the only zebrafish rhoA homologues expressed during gastrulation (for
sequences see material section) (Salas-Vidal et al., 2005). Both rhoAb and rhoAd
morphant embryos exhibited similar convergent extension defects at the end of
gastrulation as previously reported (Zhu et al., 2006).
For ‘knocking-down’ Fmi activity, a mixture of MOs, targeting the start codon
fmi1a, fmi1b and fmi2 (for sequences see material section) (4ng/per MO), was injected
into one-cell stage embryos. These morpholinos were kindly provided by Masazumi
Tada at UCL, London, UK. The phenotype of fmi morphant embryos was analysed at
the end of gastrulation at bud stage (10hpf) and at 24hpf (Table 6.1)
4.3 Cell-transplantation from donor into host embryos
Preparation of the transplantation setup
For transplantation experiments, a special transplantation form was prepared, by
pulling boiled agarose (2% in E3 media) into a lid of a Petri dish and adding a plexi-
glass form which displayed a structured surface and leaves imprints within the
solidified agarose. These imprints are square shaped (2x2mm) and 1mm deep, which is
bevelled on one side which reaches the surrounding agarose surface. These agarose
coated transplantation dishes contain 6 rows of 25 moulds, in which one dechorionated
MATERIAL AND METHODS
100
embryo can be oriented in a stable way.
Transplantation needles were prepared from thin wall borosilicate glass capillaries
without internal filament by the use of the needle puller (Flaming/brown P87 Sutter
Instruments). The tip of the needle was removed by forceps. The needles were sanded
using a capillary grinder (Bachofer) and thereby a bevelled opening was generated.
This opening was adjusted to the size of approximately 60µm, which is suitable for
transplantation at blastula stages.
Transplantation
For transplantation experiments, one-cell stage embryos were injected with 110pg
fz7-CFP or 60pg lyn-CFP mRNA to mark the plasma membrane (host embryos) or
with 50pg-100pg Wnt11-YFP mRNA (donor embryos) and incubated at 31ºC. At
sphere-stage (4hpf), these embryos were checked for fluorescent signal on a UV-
dissecting microscope and fluorescent embryos were selected for the experiment.
These embryos were transferred, into agarose-coated Petri-dishes (2% agarose in E2)
containing E2 media and their chorion was removed manually using forceps.
Dechorionated embryos were then transferred into the moulds of an agarose coated
transplantation dish using a glass Pasteur pipette, whereby donor embryos were lined
up in one row and host embryos were placed in two rows next to the donor embryos.
Embryos were oriented with their animal pole up. Transplantations were performed
using an air-filled transplantation setup consisting of a transplantation needle, a
capillary holder and a manipulator, attached to a PR-tubing and a 1ml syringe to
control the graft. Wnt11-YFP expressing cells were sucked from donor embryos and
transplanted into the animal pole of host embryos expressing either Fz7-CFP or Lyn-
CFP. After transplantation, the embryos were kept within the transplantation form and
incubated for three hours at 31ºC. The distribution of secreted Wnt11-YFP protein was
analysed by confocal microscopy.
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4.4 Immobilization of living embryos in agarose for time lapse
microscopy
For time lapse microscopy, embryos mounted in 1% low melting point  (LMP)
agarose in E3 media. The mounting devise used for inverted microscopes, consisted of
a cover-slip and a glass ring, which was glued onto the cover-slip using silicon grease
(Beckmann). This self assembled imaging chamber was described in (Concha and
Adams, 1998). Before starting the mounting procedure, several 1.5ml tubes containing
500µl of 1% LMP agarose (stored in at 4ºC) were incubated in a heating block at 70ºC
for about 30min, to melt the agarose, followed by an incubation at 45ºC. Meanwhile,
fluorescent embryos were selected and manually dechorionated in agarose coated
dishes using a dissecting microscope containing a fluorescent lamp. First, one drop of
agarose was put onto the mounting devise using a glass Pasteur-pipette. Then, one
embryo was transferred into the agarose tube, suck back into the glass pipette and
transferred into the agarose drop on the mounting devise. The embryo was oriented
using a looped tungsten wire glued onto a glass capillary. For inverted microscopes, the
embryo was oriented upside down. After the agarose solidified, silicon grease was put
onto the edge of the glass ring, which was then filled with E2 media and covered by a
glass slide pressed onto the ring. This mounting procedure is suitable for embryos
before and during gastrula stages, while the mounted embryos die at a later
developmental stages, when the tail begins to grow out.
4.5  Treatment of embryos with Rok inhibitor Y-27632
50µM of the Rok-specific inhibitor Y-27632 (Tocris Bioscience). The embryos
were incubated from 30% epiboly onwards at 31ºC. For time-lapse imaging, inhibitor-
treated embryos were mounted in 1% agarose, containing 50µM of the inhibitor and
were covered with inhibitor containing E2-media after mounting. The phenotype of
these treated embryos was analysed at the end of gastrulation, and showed a shorter
body axis similar to RhoA Morpholino treated embryos.
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4.6  In situ hybridisation for analysis of gene expression
In situ stainings were performed as previously described in (Barth and Wilson,
1995). In situ probes were synthesized from linearized cDNA plasmids for hgg1, dlx3
and ntl (Akimenko et al., 1994; Schulte-Merker et al., 1994; Thisse et al., 1994), using
a Digoxygenin (DIG) anti-sense RNA labeling kit (Roche Diagnostics, Germany),
which was performed according to manufacturer’s instructions. The probe was
precipitated with lithium-chloride and taken up in 200 µl Hyb+ solution (50% form-
amide, 0.1% Tween-20, 5 mg/ml Torula RNA, 50 µg/ml Heparin, 75 mM NaCl, 75
mM Na-Citrate, pH 6.0).
For in situ stainings embryos were fixed in 4% paraformaldehyde overnight at 4°C,
washed for 3 times for 5min and dechorionated manually in PBST (0.1% Tween-20 in
PBS). The embryos transferred into 1.5ml tubes and were pre-incubated in Hyb+
solution for 4h at 65°C, followed by hybridisation over night at 65°C with the probe
diluted in Hyb+. The embryos were washed at 65°C for 10 min each with Hyb+/2x
SSCT 2:1, Hyb+/2x SSCT 1:2, 2x SSCT and 2 times 30 min in 0.2x SSCT. Then,
probes were washed at room temperature for 10 min each in 0.2x SSCT/MABT 2:1,
0.2x SSCT/MABT 1:2 and MABT followed by 5h incubation with 2% DIG-blocking
solution (Roche Diagnostics, Germany) in MABT. After over night incubation at 4°C
with anti-DIG antibody (Roche Diagnostics, Germany) diluted 1:5000 in 2% Block in
MABT, embryos were washed 4 times 30 min each with MABT at room temperature.
Embryos were transferred into 24-well plates and first incubated in 100 mM Tris buffer
pH 9.5 and then in BM Purple detection solution (Roche Diagnostics, Germany). The
staining was performed for several hours at RT in the dark and stopped by washing 3
times with PBST, followed by re-fixation with 4% paraformaldehyde for 30 min and
sub-sequent washing in PBST. Embryos were incubated in a series of glycerol
solutions with increasing concentrations (30%; 50%;70% glycerol in PBST) at room
temperature and stored in 70% glycerol in PBST at 4°C.
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4.7  Antibody staining of fixed embryos
Embryos were collected in 2ml tubes and fixed  in 2% PFA in PBS for 30min at RT
followed by an incubation over night at 4ºC. On the next day, the embryos were
washed three times 5min with PBSTT (0.1% TritonX-100 and  0.1%Tween20 in PBS)
and their chorion was removed manually. For optimal penetration of the antibody into
the tissue, the embryos were incubated for 2h in PBT (PBS; 0.5%Triton; 0.1%
Tween20) at room temperature, followed by a washing step of 3x5min in PBSTT and
an incubation in blocking solution (10% heat inactivated goat serum; 1% DMSO;
0.1%Triton; 0.1% Tween20 in PBS) over night at 4°C. At the following day the
embryos were incubated with primary antibody, diluted in blocking solution over night
at 4°C. Afterwards, embryos were washed 4 times for 30min with PBSTT and were
incubated with the secondary antibody, diluted in blocking solution, over night at 4°C.
Alternatively, the incubation with primary or secondary antibodies can be done for 4h
at room temperature. The working dilutions of antibodies used in this study are listed in
the material section. After an additional washing step of 4 times 30min with PBSTT,
the embryos sorted into moulds of the agarose coated transplantation dish (for
preparation see transplantation method), containing PBSTT solution and oriented with
the side of interest facing up. The embryos were than scanned using an upright
confocal microscope (see 4.13 image acquisition and processing). The stained embryos
can be stored in PBSTT in the dark at 4°C for up to one week, before image
acquisition.
4.8  Rhodamine-Phalloidin staining
Embryos were fixed in 4% PFA, washed and dechorionated as described above. For
optimal penetration of the antibody into the tissue, the fixed embryos were incubated
for 2h in PBT (PBS; 0.5%Triton; 0.1% Tween20) at room temperature, followed by a
washing step of 3x5min in PBSTT. Embryos were then incubated in a 1:200 dilution of
Rhodamine-Phalloidin (Molecular Probes) in PBSTT for 2h at room temperature.
Phalloidin binds to polymerized actin. Alternatively, the staining can also be performed
after antibody staining. After this incubation, the embryos were washed for 3x5min in
MATERIAL AND METHODS
104
PBSTT. Embryos can be stored in PBSTT solution, in the dark at 4°C for up to one
week, before image acquisition.
4.9  Image acquisition and processing
Standard confocal microscopy
For localization studies of fluorescent tagged proteins, fixed embryos were fixed by
incubating them in 4% PFA in PBS over night at 4°C. Embryos were washed with
PBSTT, dechorionated and mounted in moulds of agarose-coated transplantation dishes
(see transplantation method) in PBSTT. Living embryos were dechorionated and also
mounted in moulds of agarose-coated transplantation dishes, containing E2 media. The
embryos were oriented with the interesting side facing up. Confocal images were
acquired on upright Leica TCS-SP2 confocal microscope using HCX APO L 63x/0.9W
UVI dipping-objective and Leica confocal software.
For co-localization studies, CFP/YFP were acquired by line-by-line sequential
scanning, using 458 and 514nm laser lines for excitation, 458/514nm beam splitter and
the detectors were restricted to only detect signal between 462-510nm for CFP and
520-630nm for YFP signal.
For antibody stainings, a Cy5 coupled secondary antibody was used, which allowed
a line-by-line sequential scanning of YFP and Cy5 signal. YFP/Cy5 signal were
acquired by sequential scanning, using 488 and 633nm laser lines for excitation,
488/543/633nm beam splitter and the detectors were restricted to detect a signal
between 492-600nm for YFP and 640-750nm for Cy5 signal.
For rhodamine-phalloidin stainings, YFP/Rhodamine signal were acquired by line-
by-line sequential scanning, using 488 and 543nm laser lines for excitation,
488/543/633nm beam splitter and the detectors were restricted to detect a signal
between 492-530nm for YFP and 550-700nm for rhodamine signal. The data of
different experiments obtained using the Leica confocal microscope were stored in
databases using LSM 5 Image Browser (Zeiss) software.
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For Figure2.5 the upright Zeiss-LSM-META confocal microscope with Achroplan
40x/0.8 W dipping-objective was used. For co-localization studies of YFP/RFP signal,
samples were acquired by line-by-line sequential scanning, using 488 and 543nm laser
lines for excitation, HFT 488/543nm and NFT 545nm beam splitter and BP 505-550nm
band-pass filter for YFP signal and LP560 long-pass filter for rhodamine signal. The
data were stored in a database using LSM 5 Image Browser (Zeiss) software. The
images were processed using Adobe Photoshop.
Time lapse confocal microscopy
For time lapse confocal microscopy, embryos were mounted in 1% LMP agarose in
E3 and oriented with the site of interest facing down, because time lapse movies were
performed on inverted microscopes (for details see immobilization of living embryos in
agarose).
Single-colour live time-lapse imaging of separating cells displaying YFP signal,
was performed at room temperature by two-photon microscopy using Bio-Rad-
Radiance 2000 multi-photon confocal microscope setup and a Plan Apo 60x/1.2 WI
objective as previously described (Ulrich et al., 2003). A mode-locked, 890-910nm,
infra-red laser with an average power of 500mW was used to achieve 2 photon-
excitation of the sample. For 3D time-lapse microscopy, stacks of 18-24 images with a
z-spacing of 1.6-1.8µm and a time interval of 140-170s were acquired over 75-120min.
The z-stacks were recorded by continuous scanning without time gaps in between.
These acquired image stacks were analysed using Volocity 3.0 (Improvision, UK)
software.
For two-colour time-lapse microscopy of separating cells expressing both YFP and
RFP, a Zeiss LSM 405/594nm confocal microscope with C-Apochromat 63x/1.2 W
correlation objective was used. YFP and RFP channels were acquired by simultaneous
scanning using 488nm/594nm laser lines for excitation and 490nm/590nm NFT filters
and BP505-580nm/LP610nm filters for separation and detection of the signals. To
acquire 3D time-lapse movies, defined z-stacks with a step size of 1.6-1.8µm were
recorded in a time interval of about 145s (depending on the exact size of the z-stack).
3D time-lapse movies were analyzed LSM 5 Image Browser (Zeiss).
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 Time lapse movies of separating cells were analysed by randomly choosing cell-
cell contacts from the first timeframe of the movies and tracking their separation
behaviour in 2D (by selecting one z-section/time-point) until cells were completely
separated. This 2D movies were exported as tiff images and further analysed using
ImageJ v. 1.29 - 1.32 (http://rsb.info.nih.gov/ij/). The specific measurements and
procedures are described within the figure legends.
4.10 Data quantification and statistical analysis
Confocal images were analyzed and quantified using ImageJ v. 1.29 - 1.32
(http://rsb.info.nih.gov/ij/). Microsoft Excel was used to further process the measured
data. To analyze significance, p-values were determined in Microsoft Excel using an
unpaired t-test with a two-tailed distribution. A paired t-test was used to determine the
different membrane intensity levels of antibody stainings inside and next to Fz7-YFP
accumulations (Fig.2.9 and 2.19). For all analysis a normal distribution of values was
assumed. Details of the measurements, amounts of analysed samples are described
within the text or in the figure legend.
4.11 Molecular biological methods
Generation of Fusion constructs
The cloning of DNA fragments and the generation of fusion constructs were
performed according to standard protocols described in (Sambrook and Russell, 2001).
The commercial kits used, are listed in the material part and were performed according
to manufacturer’s instructions.
Fz7a/Fz7b-YFP/CFP fusions were constructed as C-terminal fusion of zebrafish
fz7a (NM_131139; (El-Messaoudi and Renucci, 2001) and fz7b (NM_170763;
(Sumanas et al., 2000; Ungar and Calvey, 2002)  cDNA fused to either venusYFP or
eCFP (Clonetech) as previously described for Drosophila Fz-GFP fusion (Strutt,
2001). Full length cDNA of zebrafish fz7b (NM_170763; (Sumanas and Ekker, 2001;
Ungar and Calvey, 2002) was amplified by PCR using a cDNA-library of shield and
bud stage embryos followed by sub-cloning into pCS2+ expression vector for
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synthesising synthetic RNA for injection and into Bluescript for synthesizing anti-sense
RNA probes for in situ hybridisation.
Wnt11-YFP/CFP fusions were constructed as C-terminal fusions of zebrafish wnt11
cDNA (Heisenberg et al., 2000) with either venusYFP (an EYFP-derivative that was
kindly provided by Atsushi Miyawaki) or Cerulean-eCFP (an improved eCFP-
derivative; (Rizzo et al., 2004). A linker sequence of 9 amino acids (EFSSGSIDG) was
introduced between Wnt11 and YFP/CFP using common cloning strategies.
For Dsh-YFP/CFP fusion constructs a C-terminal fusion of Xenopus dsh cDNA to
either venusYFP or eCFP was generated by replacing the eGFP with YFP/CFP of a
previous described Xenopus Dsh-eGFP fusion construct (Yang-Snyder et al., 1996).
Synthesis of poly(A) mRNA for injection
Before synthesis of mRNA, DNA of a pCS2+ expression vector (7µg), containing
the desired insert, was linearized by digest with Not1 restriction enzyme for 3h at 37°C.
The pCS2+ plasmid contains a Not1 restriction site after the poly (A) signal, which
after mRNA injection into the embryo mediates the generation of a poly (A) tail at the
end of synthetic mRNA, which stabilizes the RNA. The linearized DNA was cleaned
using PCR clean up kit (Qiagen) according to manufacturer’s instructions. The DNA
was  eluted in RNAse free water, checked for complete linearization by agarose gel
electrophoresis and the concentration was determined using a UV spectrometer. This
linearized DNA can be stored at -80°C or -20°C.
Linearized plasmid DNA was then taken as template to synthesise mRNA in vitro
using SP6 polymerase reaction. This was performed by using the mMessage mMachine
kit (Ambion, UK) and following the manufacturer’s instructions. After mRNA
synthesis, the DNA was removed by a 30min DNase digest followed by precipitation
of the mRNA using LiCl according to manufacturer’s instructions. The mRNA pellet
was resolved in 10µl RNase-free water, the quality was checked by agarose gel
electrophoresis and the concentration was determined using a UV spectrometer.
Finally, the mRNA was diluted to a concentration of 1µg/µl and stored at -80°C.
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6 Appendix
6.1 Developmental stages of the Zebrafish embryo
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Figure 6.1:   Development of the zebrafish embryo
Stages are named after anatomical features of the embryos and the age corresponds to the embryonic
development of the at 28ºC. The percentage of Epiboly describes the percentage to which the yolk cell is
covered by embryonic cells. The embryos are illustrated in lateral view; germ ring and shield stage
embryos are also shown from the top. Until the 25h stage, the dorsal side of the embryo is to the right.
This figure is modified after camera lucida drawings of (Kimmel et al., 1995).
6.2 Expression pattern of wnt11, fz7a and fz7b in zebrafish
embryos
Figure 6.2    Expression pattern of wnt11, frizzled7a and b during early zebrafish  development
Embryos were fixed at different stages of development and (16cell; 30%epiboly (5hpf); shield stage
(6hpf); bud stage; (10hpf)) followed by in situ hybridisation with anti-sense mRNA probes against
zebrafish wnt11 (upper panel); zebrafish homologue of frizzled7a (fz7a; middle panel) and zebrafish
homologue of frizzled7b (fz7b; lower panel). Embryos are oriented onto the animal pole; the dorsal side
is to the right. Wnt11 is not present at 16-cell stage and starts to be expressed in the germ ring margin at
30% epiboly. Note that wnt11 is absent from the animal pole at that stage. Fz7a is not present at 16-cell
stage and starts to be weakly expressed at 30% epiboly. It becomes stronger expressed at shield stage in
the germ ring margin.  Fz7b is present at 16 –cell stage (maternally provided) and shows a strong
ubiquitous expression throughout early stages and gastrulation. Note that Fz7b is  strongly expressed in
the germ ring margin (30% epiboly; shield stage). This data was kindly provided by Sylvia Schneider
and Carl-Philipp Heisenberg.
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6.3 Phenotype of Flamingo morphant embryos
Morpholino  Construct
Epiboly
delay
bud; %
Unaffect
ed
24hpf; %
Tai l  morpho-
genesis; 24hpf; %
mild         strong
Narrow
eyes
(24hpf; %)
total
(n)
Fmi1a/1b/2 - 91 24 69 7 21 331
Fmi1a/1b/2 fz7-YFP+wnt11 86 15 43 42 47 206
Morpho-
lino Construct
Convergent
extension CE
bud; %
Unaffected
24hpf;%
CE phenotype
(24hpf;%)
mild        strong
Narrow eyes
(24hpf;%)
total
(n)
- fz7-YFP+ wnt11 75 43 34 23 57 35
Table 6.1     Phenotype of Flamingo morphant embryos in the absence or presence of Fz7- YFP
and Wnt11
For each Fz7+Wnt11+FmiMo time-lapse movie made, we have analyzed the phenotype of wt embryos
which were either only injected with a mixture of Morpholinos against fmi1a, fmi1b and fmi2 (4ng/MO)
or co-injected with 60pg of fz7-YFP and 10pg of wnt11 mRNA at the one-cell stage. The phenotype of
the embryos was analyzed according to their morphology at bud stage (12hpf) and at 24hpf. The
phenotypes were divided into ‘delayed epiboly’ at bud-stage, ‘abnormal tail morphogenesis’ at 24hpf
(embryos with mild defects showed a slightly shorter and kinked tail and embryos with strong defects
exhibited a very short and frequently curly tail), and ‘narrow eyes’ at 24hpf. Embryos with ‘narrow
eyes’ phenotype also showed defects in tail morphogenesis. Over-expression of 60pg of fz7-YFP and
10pg of wnt11 mRNA led to convergent extension phenotypes at bud stage, and narrow eyes at 24hpf; in
severe cases embryos showed narrow eyes and an very short and curly tail.
6.4 Supplementary videos
The corresponding videos can be found on the CD, which is supplemented with this
thesis.
Supplementary video1:  Separating cells in pre-gastrula stage embryos expressing
                                       Fz7-YFP and Wnt11
Embryos were injected at the one-cell-stage with 60pg of fz7-YFP and 10pg of wnt11 mRNA. 3D time-
lapse analysis was performed by two-photon microscopy of blastodermal cells at the animal pole of pre-
gastrula stage embryos (30% epiboly, 5hpf). The movie corresponds to the image sequence in Fig.12A
and shows the separation behaviour of two cells exhibiting Wnt11-induced Fz7-YFP accumulation at
their sites of cell-cell contact. Arrowheads indicate sites of cell-cell contacts. Time-intervals=130s. Scale
bar=10µm.
Supplementary video2:   Separating cells of gastrula stage embryos expressing
                                       Fz7-YFP and Wnt11
Embryos were injected at the one-cell-stage with 60pg of fz7-YFP and 10pg of wnt11 mRNA. 3D time-
lapse analysis was performed by two-photon microscopy of ectodermal cells at the germ ring margin of
gastrula stage embryos (starting at shield stage, 6hpf). The movie shows the separation behaviour of two
epiblast cells exhibiting Wnt11-induced Fz7-YFP accumulation at their site of cell-cell contact.
Arrowheads indicate sites of cell-cell contacts. Time-intervals=144s. Scale bar =10µm.
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Supplementary video3:  Separating cells in pre-gastrula stage embryos expressing
                                       Fz7-YFP only
Embryos were injected at the one-cell-stage with 60pg of fz7-YFP mRNA. 3D time-lapse analysis was
performed by two-photon microscopy of blastodermal cells at the animal pole of pre-gastrula stage
embryos (30% epiboly, 5hpf). The movie corresponds to the image sequence in Fig.12B and shows the
separation behaviour of two cells expressing Fz7-YFP uniformly at their plasma membranes.
Arrowheads indicate sites of cell-cell contacts. Time-intervals= 130s. Scale bar =10µm.
Supplementary video4:  Separating cells in pre-gastrula stage embryos expressing
                                       Lyn-YFP only
Embryos were injected at the one-cell-stage with 25pg of lyn-YFP mRNA. 3D time-lapse analysis was
performed by two-photon microscopy of blastodermal cells at the animal pole of pre-gastrula stage
embryos (30% epiboly, 5hpf). The movie corresponds to the image sequence in Fig.12C and shows the
separation behaviour of two cells expressing Lyn-YFP uniformly at their plasma membranes.
Arrowheads indicate sites of cell-cell contacts. Time-intervals 123s. Scale bar =10µm.
Supplementary video5:   Separating cells in pre-gastrula stage embryos expressing
                                       Fmi2-YFP only
Embryos were injected at the one-cell-stage with 25-50pg of fmi2-YFP pCS2-plasmid DNA. 3D time-
lapse analysis was performed by two-photon microscopy of blastodermal cells at the animal pole of
shield stage embryos (5-6hpf). The movie corresponds to the image sequence in Fig.16A and shows the
separation behaviour of two cells containing Fmi2-YFP accumulations at their contact sites. Arrowheads
indicate sites of cell-cell contacts. Time-intervals=172s. Scale bar =10µm.
Supplementary video6:   Separating cells in pre-gastrula stage fmi morphant embryos
                                        expressing Fz7-YFP and Wnt11
Embryos were co-injected at the one-cell-stage with 60pg of fz7-YFP and 10pg of wnt11 m RNA and
MOs targeted against fmi1a, fmi1b and fmi2 (4ng/MO). 3D time-lapse analysis was performed by two-
photon microscopy of blastodermal cells at the animal pole of pre-gastrula stage embryos (30% epiboly,
5hpf). The movie serves as an example for the data analysis in Fig.16B-D and shows the separation
behaviour of two blastodermal cells exhibiting Wnt11-induced Fz7-YFP accumulation at  their site of
cell-cell contact (Arrowheads); Time-intervals=137s; Scale bar=10µm.
Supplementary video7:   Separating cells in gastrula stage rhoA morphant embryos
                                        expressing Fz7-YFP and Wnt11
One-cell stage embryos were injected with 8ng of rhoAa and rhoAd MO each, and a mix of 60pg of fz7-
YFP and 10pg of wnt11 mRNA. 3D time-lapse analysis was performed by two-photon microscopy of
gastrula stage embryos (starting at shield stage, 6hpf) mounted with the dorsal side to the right.
Ectodermal cells in lateral regions of the germ ring were imaged (note that these cells show slower
convergence movements due to reduced RhoA activity). After completion of the time-lapse analysis,
imaged embryos were screened for their morphant phenotype at the end of gastrulation (Zhu et al.,
2006). The movie corresponds to the image sequence in Fig.20A and shows the separation behaviour of
cells containing Fz7 accumulations at their contact sites. Arrowheads indicate sites of cell contacts;
Time-intervals=157s; Scale bar =10µm.
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Supplementary video8:  Separating cells in gastrula stage rhoA/rok2
                                       morphant/inhibited embryos expressing Fz7-YFP and Wnt11
One-cell stage embryos were injected with 8ng of rhoAa and rhoAd MO each, and a mix of 60pg of fz7-
YFP and 10pg of wnt11 m RNA. Dechorionated embryos were incubated within 50µM of the Rok-
specific inhibitor Y-27632 from 30% epiboly onwards. 3D time-lapse analysis was performed by two-
photon microscopy of gastrula stage embryos (starting at shield stage, 6hpf) mounted with the dorsal
side to the right. Ectodermal cells in lateral regions of the germ ring margin were imaged (note that these
cells show slower convergence movements due to reduced RhoA/Rok2 activity). After completion of the
time-lapse analysis, imaged embryos were screened for their morphant phenotype at the end of
gastrulation (Marlow et al., 2002; Zhu et al., 2006). The movie corresponds to the image sequence in
Fig.20B and shows the separation behaviour of cells containing Fz7 accumulations at their contact sites.
Arrowheads indicate sites of cell-cell contacts; Time-intervals=165s; Scale bar =10µm.
Supplementary video9:    Separating epiblast cells in gastrula stage embryos
                     expressing Wnt11-YFP only
Embryos were injected at the one-cell-stage with 80pg of wnt11-YFP and 80pg of GPI anchored-RFP
(membrane RFP) mRNA. 3D time-lapse analysis was performed by confocal microscopy of epiblast and
hypoblast cells at the germ ring of late shield stage embryos (7hpf). The movie shows the separation
behaviour of two hypoblast cells, in which Wnt11-YFP localized in ‘puncta’ at sites of cell-cell contacts
(arrowheads) and remained there until the cells were completely separated. Time-intervals=112s. Scale
bar=10µm.
Supplementary video10:   Separating hypoblast cells in gastrula stage embryos
                      expressing Wnt11-YFP only
Embryos were injected at the one-cell-stage with 80pg of wnt11-YFP and 80pg of GPI anchored-RFP
(membrane RFP) mRNA. 3D time-lapse analysis was performed by confocal microscopy of epiblast and
hypoblast cells at the germ ring of late shield stage embryos (7hpf). The movie corresponds to the image
sequence in Fig.24A and shows the separation behaviour of two hypoblast cells, in which Wnt11-YFP
localized in ‘puncta’ at sites of cell-cell contacts (arrowheads) and remained there until the cells were
completely separated. Time-intervals=112s; Scale bar=10µm.
Supplementary video11:    Separating cells in pre-gastrula stage embryos expressing
                        Wnt11-YFP only
Embryos were injected at the one-cell-stage with 80pg of wnt11-YFP and 80pg of GPI anchored-RFP
(membrane RFP) mRNA. 3D time-lapse analysis was performed by confocal microscopy of
blastodermal cells at the pre-gastrula stage embryos (5hpf). The movie serves as an example for the data
analysis in Fig.24B-E and shows the separation of blastodermal cells, in which Wnt11-YFP localized in
‘puncta’ at sites of cell-cell contacts (arrowheads) and remained there until the cells were completely
separated; Time-intervals=151s; Scale bar=10µm.
